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SURFACE PLASMON-ENHANCED NANO-OPTIC DEVICES AND 
METHODS OF MAKING SAME 

[0001] The U.S. government may have certain rights in this 
invention pursuant to grant number 00014-99-0663 from the Office of 
Naval Research. 

FIELD OF THE INVENTION 

[0002] The present invention is directed generally to optical devices 
and more particularly to nanostructured optical devices and methods of 
making the devices. 

BACKGROUND OF THE INVENTION 

[0003] According to classical optics, transmission of light through a 
sub-wavelength aperture in a metal film is extremely small when its 
diameter d is significantly smaller than the wavelength X, and is predicted 
to follow the Bethe limit T/f ~ (d/A,) 4 , where T/f denotes the transmission 
normalized to the area occupied by the aperture. Recently it has been 
reported in U.S. Patent Nos. 5,973,316 and 6,236,033 and in Nature, 
Vol. 391, pp. 667-669, all incorporated herein by reference in the 
entirety, that extremely high transmission through sub-wavelength 
aperture(s) in a metal film can be obtained when the incident light is 
resonant with surface plasmon in the metal film. 

SUMMARY OF THE INVENTION 

[0004] One embodiment of the invention relates to a multispectral 
imaging system comprising a photodetector and a two dimensional 
wavelength separation device which includes a metal film or a plurality of 
metal islands having a plurality of openings having a width that is less 
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than at least one first predetermined wavelength of incident radiation to 
be provided onto the film or the islands. The metal film or islands are 
configured such that the incident radiation is resonant with at least one 
plasmon mode on the metal film or metal islands. The period of the 
openings or surface features on the metal film or islands is varied. The 
metal film may comprise a single metal film or it may comprise one of a 
plurality of stacked layers of metal films. The metal islands may comprise 
a single layer of metal islands or they may comprise one of a plurality of 
stacked layers of metal islands. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] Figures 1 , 2D and 3 are side cross sectional views of devices 
according to the preferred embodiments of the present invention. 

[0006] Figures 2A, 2B, 2C and 2E are top views of devices according 
to the preferred embodiments of the present invention. 

[0007] Figures 2F, 2G and 2H illustrate a finite-difference time-domain 
(FDTD) simulation of a difference in transmission of light having three 
different peak wavelengths. 

[0008] Figure 4A is a perspective view and Figures 4B and 4C are top 
views of a multispectral imaging system of the preferred embodiments of 
the present invention. 

[0009] Figures 5A and 5B are perspective views of an optical analyte 
detection system of the preferred embodiments of the present invention. 

[0010] Figure 6 is a schematic illustration of a method of using the 
optical analyte detection system of the preferred embodiments of the 
present invention. 
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[001 1] Figure 7 is a schematic side cross sectional view of a device 
according to the preferred embodiments of the present invention. 

[0012] Figure 8 is a schematic side cross sectional view of an 
apparatus used to make the device of Figure 7. 

[0013] Figures 9A and 9B are schematic side cross sectional views of a 
method of making a device according to the preferred embodiments of the 
present invention. 

[0014] Figure 9C is a schematic top view of a holographic lithography 
system. 

[0015] Figures 9D - 91 are schematic three dimensional views of a 
method of making a device according to the preferred embodiments of the 
present invention. 

[0016] Figures 10A, 10B and 10C are micrographs of a method of 
making a nanopore array according to the preferred embodiments of the 
present invention. 

[0017] Figure 10D is a schematic side cross sectional view of a device 
according to the preferred embodiments of the present invention. 

[0018] Figure 10E is a schematic side cross sectional view of an 
electroplating bath used to make the device of Figure 10D. 

[001 9] Figures 1 1 A, 1 1 B, 1 1 C and 1 1 D are schematic side cross 
sectional views of a method of making a device according to the preferred 
embodiments of the present invention. 
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[0020] Figures 1 2A and 1 2B are schematic side cross sectional views 
of a method of making a device according to the preferred embodiments 
of the present invention. 

[0021] Figures 13A, 13B, and 13C are schematic side cross sectional 
views of a method of making a device according to the preferred 
embodiments of the present invention. 

[0022] Figure 1 4 is a three dimensional view of a device according to 
the preferred embodiments of the present invention. 

[0023] Figures 1 5 and 1 8 are plots of transmission spectra through 
devices of a preferred embodiment of the present invention. 

[0024] Figures 1 6A, 1 6B, 1 6C and 1 7 are micrographs of devices 
according to an embodiment of the present invention. 

[0025] Figure 1 9A is a schematic top view of a device according to an 
embodiment of the present invention. 

[0026] Figure 1 9B is a side cross sectional view across line A-A' in 
Figure 19A. 

[0027] Figures 20A and 20C are graphs of the transmission spectra of 
devices according to examples of the present invention. 

[0028] Figure 20B is a graph of the transmission/reflectance spectra, of 
devices according to examples of the present invention. 

[0029] Figure 21 is a schematic side cross sectional view of a device 
according to a preferred embodiment of the present invention. 

[0030] Figure 22 is a schematic side cross sectional view of a device 
according to the preferred embodiments of the present invention. 
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[0031] Figures 23 and 24 are schematic top' views of devices according 
to the preferred embodiments of the present invention. 

[0032] Figure 25 is a schematic top view of an experimental set up for 
examples 5-1 2. 

[0033] Figure 26 is a plot of transmission spectra for examples 5, 6 and 
7. 

[0034] Figure 27 is a plot of transmission spectra for three prior art 
filters. 

[0035] Figures 28, 29 and 30 are plots of transmission versus location 
on the detector for examples 8, 9 and 10 respectively. 

[0036] Figures 31 A and 32A are schematic top views of wavelength 
separation devices according to embodiments of the present invention. 

[0037] Figure 31 B is a micrograph of the device of Figure 31 A. 

[0038] Figure 32B is a schematic plot of grating period versus location 
on the detector for the device of Figure 32A. 

[0039] Figure 33A is a schematic illustration of the device of example 
1 1 . Figure 33B is a schematic plot of grating period versus location on 
the detector for the device of Figure 33A. 

[0040] Figures 34A, 34B and 34C are plots of transmission spectra for 
the device of example 1 1 . 

[0041] Figure 35 A is a schematic plot of grating period versus location 
on the detector for the device of example 1 2. Figure 35B is a plot of 
transmission spectra for the device of example 12. Figures 36A and 36B 
are plots of transmission spectra for the device of example 1 3 and 14. 
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Figure 36C is a plot of transmission power versus location the detector 
for the device of example 1 5. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0042] The present inventors have realized that optical devices, 
such as compact wavelength separation devices including 
monochromators and spectrum analyzers, as well as multispectral imaging 
systems and optical analyte detection systems may be based on plasmon 
resonance enhancement of radiation effect. The period of openings or 
surface features in a metal film or metal islands are varied in different 
portions or cells of the metal film or islands to form a two dimensional 
wavelength separation device portion of the imaging and detection 
systems. 

[0043] The wavelength separation device includes a metal film or a 
plurality of metal islands, having a two dimensional array of a plurality of 
openings having a width that is less than a wavelength of incident 
radiation to be provided onto the film or islands. The metal film may 
comprise a single metal film or it may comprise one of a plurality of 
stacked layers of metal films. The metal islands may comprise a single 
layer of metal islands or they may comprise one of a plurality of stacked 
layers of metal islands. The metal film or islands are configured such that 
the incident radiation is resonant with at least one plasmon mode on the 
metal film or metal islands. The enhanced radiation transmitted through 
the openings has at least two passband ranges with two different peak 
wavelengths, and preferably three or more, such as ten or more, different 
passband ranges with different peak wavelengths. 

[0044] Figure 1 is schematic illustration of wavelength separation 
using a stacked one dimensional (1D) slit array as a micron-scale 
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monochromator device 101. Figure 2A illustrates the top of the device 
101. As shown in Figure 1, incident radiation having a range of 
wavelengths Xi to Xn is provided onto a metal film 105 having a plurality 
of openings 107. The openings have a width that is less than at least 
one wavelength of incident radiation, such that the incident radiation is 
resonant with at least one plasmon mode on the metal film. The 
transmitted radiation is provided through the plurality of openings such 
that the transmitted radiation is simultaneously separated into a plurality 
of passbands having different peak wavelengths X\, fa, and Xk. The 
incident radiation may be provided onto either side of the film 105. 

[0045] Preferably, radiation having a peak wavelength less than 700 
nm, such as 400 nm to 700 nm (i.e., visible light) is used as the incident 
radiation. In this case, the openings 7 have a width of 700 nm or less, 
such as 15 to 200 nm, preferably 40 to 60 nm. In the case of incident 
radiation with longer wavelengths, such as infrared radiation, the 
openings may have a proportionally larger width. 

[0046] In this device 101, a metal layer or film 105 is formed over a 
radiation transparent substrate 103. However, a free standing metal 
membrane film without a supporting substrate or metal islands on a 
substrate may be used instead. For example, Figure 2B illustrates a 
wavelength separation device 1 containing metal islands 5 separated by 
transparent regions 7. 

[0047] The metal film 105 contains slit shaped openings 107 that 
are periodically arranged with a cellular pattern. The slits preferably have 
a length that is at least ten times larger than the width. However, the 
openings 107 may have any other suitable shape, such as round, oval, 
polygonal or irregular shape. For example, Figure 2C illustrates a device 
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201 containing a metal film 205 with groups of round openings 207 
arranged in cells 208A, 208B and 208C. 

[0048] The metal film 105 is divided into a desired number of cells 
or regions 1 08, such as at least two cells, where the grating period of the 
openings 107 is substantially the same within each cell. However, the 
grating period of the openings 107 differs between cells. In other words, 
the openings 1 07 in each cell are spaced apart from adjacent openings in 
the cell by about the same distance. However, this distance is different 
for different cells. For example, three cells 108A, 108B and 108C are 
illustrated in Figure 1 . 

[0049] The grating period of the openings 107 in each cell 108 is 
designed to produce a passband at a certain peak wavelength in the 
transmission spectrum. Thus, a transmission of the radiation having one 
peak wavelength is enhanced due to the period of the openings in the first 
cell 108A. A transmission of the radiation having a different peak 
wavelength is enhanced due to the different period of the openings in the 
second cell 108B. 

[0050] Preferably, the device 101 contains at least ten cells, more 
preferably at least 30 cells, such as 30 to 3,000 cells, for example 30 to 
1,000 cells. A period of openings in each of the cells is different than 
periods of openings in each of the other cells. The transmission of 
passband radiation having a different peak wavelength through openings 
in each cell is enhanced due to the period of the openings in the 
respective cell. Preferably, the passband radiation transmitted through 
each cell 1 08 has a peak wavelength that differs by at least 1 nm, such 
as by at least 10 nm, for example by 10 to 100 nm, from peak 
wavelengths of radiation transmitted through the other cells 108. 
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[0051] The propagation length of surface plasmons is estimated to 
be about 5 to about 10 microns. A cell size comparable to this number or 
larger is preferred because it allows sufficient plasmon interaction. A 10- 
jj,m cell, for example, corresponds to about 30 periods of gratings when 
0.5-jim peak passband wavelength is assumed. The cell size may be 
greater than 5 microns, such as greater than or equal to 10 microns, for 
example 10 to 10,000 microns, and the number of gratings per cell varies 
by cell size and peak passband wavelength. 

[0052] A cell 108 size of about 10 microns, such as 5-20 microns is 
preferred because it matches a typical pixel size of commercially available 
CCD devices. For high array density (i.e., for better spatial resolution), it 
is desirable to keep the cell size as small as possible. However, for ease 
of fabrication, the cell size may be increased to about 50 to 500 \xm. The 
overall size of a N-channel monochromator array 101 will then be 
approximately N x (50-500) jxm. The N-channel monochromator array 
preferably has N cells 108 # where N is an integer between 10 and 
1 0,000. 

[0053] Preferably, a period of openings in each cell ranges from 
about 250 nm to about 700 nm and a width of each opening preferably 
ranges from about 20 nm to about 80 nm for visible light incident 
radiation. The width of the openings 107 may be larger for infrared 
incident radiation. 

[0054] An alternative design to the 1xN array pattern described 
above is to utilize a chirped grating (i.e., opening) pattern. In other 
words, the grating period (i.e., the period of the openings) is continuously 
chirped over a distance, L. If a radiation detector is used with the 
wavelength separation device, then the detector pixel size, W, defines the v 
effective cell size of a wavelength separation device, such as a filter, and 
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the total number of channels of the array will be L/W. An advantage of 
this design is that the entire monochromator array can be implemented 
with a single holographic lithography process, as will be described below. 

[0055] Figures 2D and 2E illustrate a wavelength separation device 

1 1 according to a second preferred embodiment of the present invention. 
In the second embodiment, the metal film or metal islands 15 have a 
periodic or quasi-periodic surface topography 1 2 provided on at least one 
surface of the metal film or islands 15, as shown in Figure 2D. If desired, 
the metal film or islands may be formed pn a radiation transparent 
substrate 13. The topography 12 is configured such that it enhances the 
transmission of the radiation in the openings 17. The periodic topography 

12 may comprise any metal features which provide strong coupling of the 
metal surface plasmons with incident radiation. For example, the 
topography may comprise any suitable raised and/or depressed regions on 
the surface of the metal film or islands 15 which are arranged in a 
regularly repeating (i.e., quasi-periodic or periodic) pattern, such as a two 
dimensional lattice. The raised regions may comprise cylindrical 
protrusions, semi-spherical protrusions, linear or curved ribs, rectangular 
ribs, raised rings and/or raised spirals. The depressed regions may 
comprise cylindrical depressions, semi-spherical depressions, linear or 
curved troughs, rectangular troughs, ring shaped troughs and/or spiral 
shaped troughs. The width or diameter of the raised or depressed regions 
is preferably less than the period of these features, and the product of 
this period with the refractive index of the substrate should be less than 
the maximum desired transmitted wavelength of the radiation. 

[0056] The metal film or metal islands 1 5 comprise at least two cells 
18, and preferably a plurality of cells, such as at least 10 cells, more 
preferably at least 30 cells. Each cell 18A, 18B, 18C, 18D comprises at 
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least one of a plurality of openings 17. The periodic or quasi-periodic 
surface topography 1 2 configuration in each of the cells is different than 
periodic or quasi-periodic surface topography configurations in each of the 
other cells. Each cell is configured for transmission of passband radiation 
having a different peak wavelength, as in the first preferred embodiment. 

[0057] While the linear grating patterns illustrated in Figures 2A-2C 
have polarization detection capability as an intrinsic function, the 
polarization dependence of filters may not be desirable for some 
applications. The monochromator patterns illustrated in Figure 2E are 
insensitive to polarization in its transmission. For example, as shown in 
Figure 2E, circular grating patterns 1 2 are used in forming corrugations of 
constant period for each concentric pattern. A subwavelength aperture 
17 is made at the center of each pattern, and the incident light will be 
funneled into the aperture via resonant excitation of surface plasmons at 
a certain wavelength, which is determined by the grating period. 
Arranging the circular grating patterns of different periods into a two 
dimensional array, such as the 2x2 array shown in Figure 2E results in a 
4-channel spectrum analyzer that is insensitive to polarization. 

[0058] In another preferred aspect of the second embodiment, the 
surface topography 12 comprises a topography comprising a material 
other than metal which includes surface plasmon coupling into the metal. 
In one example, the refractive index of the dielectric layer or ambient 
medium adjacent to the metal surface is periodically or quasi-periodically 
modulated, without topographic modulation of the metal surface (i.e., 
without corrugation/indentation on the metal surface). For example, 
periodic arrangement of dielectric layer or layers formed on a flat or 
corrugated metal surface can induce the surface plasmon coupling into 
metal. Thus, element 12 in Figure 2D may refer to periodically or quasi- 
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periodically arranged dielectric material features formed on a flat metal 
film or island 1 5 surface. Alternatively, a flat or textured dielectric layer 
or layers with a variable refractive index may be used for plasmon 
coupling. A variable refractive index in a flat dielectric layer or layers may 
be achieved by periodically or quasi-periodically modulating the 
composition of the layer or layers along their width on the metal film or 
islands. Any suitable dielectric material many be used, such as silica, 
quartz, alumnia, silicon nitride, etc. 

[0059] In the second preferred embodiment, the openings or 
transparent regions 1 7 are separated by a period ao which is much larger 
than the period of the first embodiment, such that the period of the 
openings 1 7 does not substantially contribute to the enhancement of the 
transmission of the radiation. For example, the period a 0 is preferably 
equal to the effective propagation distance of the surface plasmons, such 
as 5 microns or greater, preferably about 5-10 microns for Ag islands 
being irradiated with visible light. 

[0060] Figures 2F, 2G and 2H illustrate a finite-difference time-domain 
(FDTD) simulation of a difference in transmission of light having three 
different wavelengths through the same wavelength separation device 
comprising metal islands or a metal film containing a plurality of openings 
having a width that is smaller than the peak wavelength of the incident 
light. Specifically, the peak wavelength of the incident light is 540 nm, 
680 nm and 1 500 nm for the simulation illustrated in Figures 2F, 2G and 
2H, respectively. 

[0061] The wavelength separation devices, such as the 

monochromators or nano-optic filter arrays can be made ultra compact, 

i 

and the wavelength separation can be achieved in an ultra-compact 
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space. For example, the dimensions can be made as small as a 
micrometer-scale area along the a direction transverse to the radiation 
propagation direction (i.e., length) and virtually zero length (i.e., the 
thickness of stacked layers, such as less than 0.1 microns) along the 
longitudinal (i.e., radiation propagation) direction, without being restricted 
by the dif tractive optics. Preferably, the monochromator length, width 
and thickness are each less than 1 cm. More preferably, the 
monochromator length is less than 1 00 microns and its thickness is less 
than 10 microns. 

[0062] In the case of slit shaped openings in the metal film or 
between metal islands, (i.e., a 1D grating case), the optical transmission 
through the sub-wavelength openings depends on the polarization of 
incident light. For the TE polarized light (i.e., where the E-field is parallel 
to the grating lines), for example, surface plasmons are not excited due to 
the unavailability of grating vectors along the E-field direction, since the 
surface plasmons are longitudinal waves. Therefore, transmission for TE 
polarizations is expected to be much lower than TM polarization. This 
polarization dependence can be utilized for detecting the polarization (and 
its spatial distribution) of incident light. Alternatively, the wavelength 
separation device can be used as a polarizing filter. 

[0063] Any suitable metal such as Ag, Al, Au and Cu may be used 
to form the metal film or metal islands. Preferably, metals, including Ag, 
Al, Au, Cu or their alloys, which exhibit a bulk plasmon frequency in the 
9-10 eV range are used. This makes the plasmon-induced phenomena 
observable in a broad spectral range (Vis-to-IR). Al and Cu are common 
metals used as interconnect metallization in integrated circuit chips and 
photodetectors. Thus, the metal film or islands of the wavelength 
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separation device may be made using the same semiconductor 
manufacturing equipment as used to form chips and photodetectors. 

[0064] In a third preferred embodiment of the present invention, the 
wavelength separation devices 301 of the first two embodiments are 
used together with a photodetector 302 to form a spectrum analyzer 
device 304, as shown in Figure 3. Any device which can detect visible, 
UV and/or IR passband transmitted radiation may be used as the 
photodetector 302. The photodetector 302 is adapted to detect radiation 
transmitted through the wavelength separation device 301 . 

[0065] Preferably, an array solid state photodetector cells, such as a 
semiconductor photodetector array is used as a photodetector. Most 
preferably, charge coupled devices (CCDs), a CMOS active pixel sensor 
array or a focal plane array are used as the photodetector. The 
photodetector 302 shown in Figure 3 includes a substrate 313, such as a 
semiconductor or other suitable substrate, and a plurality of photosensing 
pixels or cells 306. Preferably, each photodetector cell or pixel 306 is 
configured to detect passband radiation having a given peak wavelength 
from each respective cell of the wavelength separation device 301. The 
wavelength separation device 301 includes the metal film or islands 305 
and an optional radiation transparent substrate 303. 

[0066] The photodetector 302 can be optically coupled (i.e., in 
contact or in proximity) to the output plane of the metal film or islands 
305 for detection of the near-field output through the metal film or 
islands. The output of each detector cell is then electronically addressed 
for display and processing. A processor, such as a computer or a special 
purpose microprocessor, is preferably provided to determine an intensity 
of radiation detected by each cell of the photodetector. Thus, the 
photodetector 302 is preferably optically coupled to the metal film or the 
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metal islands 305 without utilizing diffractive optics between the 
wavelength separation device and the photodetector. 

[0067] In a preferred aspect of the invention, the spectrum analyzer 
304 thickness in a radiation transmission direction is less than 1 cm and 
the spectrum analyzer 304 length perpendicular to the radiation 
transmission direction is less than 1 cm. 

[0068] In a fourth preferred embodiment of the present invention, 
the nanophotonic monochromator/spectrum analyzer can be used as a 
multispectral imaging system, when the monochromator is extended to a 
two dimensional array configurations. A multispectral imaging system is 
a system which can form an image made up of multiple colors. One 
example of a multispectral imaging system is a digital color camera which 
can capture moving and/or still color digital images of objects or 
surroundings. Another example of a multispectral imaging system is an 
infrared camera, which forms a digital image in visible colors of objects 
emitting infrared radiation, such as a night vision camera. The camera 
contains a processor, such as a computer, a special purpose 
microprocessor or a logic circuit which forms a color image (i.e., as data 
which can be converted to visually observable image or as an actual 
visually observable image) based on radiation detected by the 
photodetector. The multispectral imaging system may store the color 
image in digital form (i.e., as data on a computer readable medium, such 
as a computer memory or CD/DVD ROM), in digital display form (i.e., as a 
still or moving picture on a screen) and/or as a printout on a visually 
observable tangible medium, such as a color photograph on paper. 

[0069] Figures 4A, 4B and 4C show examples of a multispectral 
imaging system 404 comprising a three dimensional wavelength 
separation device 401 and a photodetector 402. The wavelength 
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separation device 401 comprises a 2D mosaic arrangement of metal 
islands or subwavelength slits in a metal film 405 that allows multi 
imaging with spatially resolved polarization detection capability. The 
system 404 contains an array of cells 408 arranged in two dimensions in 
the wavelength separation device 401. Preferably, the cells 408 are 
arranged in a rectangular or square matrix layout. However, any other 
layout may be used instead. Each cell 408 is adapted to produce a 
multicolor portion of a multidimensional image. 

[0070] Each cell 408 comprises at least three subcells 418. Each 
subcell 418 in a particular cell 408 is designed to transmit one particular 
color (or a narrow IR, VIS or UV radiation band). Preferably, each subcell 
418 comprises metal islands or a metal film 405 with slit shaped 
openings 407 having a given first period. This first period of the openings 
is different from the periods of at least some of the other subcells 41 8 in 
a given cell 408. In this case, each subcell 418 in a particular cell 408 is 
designed to transmit one particular color (or a narrow IR or UV radiation 
band) with a certain polarization. In other words, each subcell 418 allows 
radiation having a given narrow band of wavelength to pass through. For 
example, the narrow band of wavelengths may correspond to a particular 
color of visible light radiation. Each cell 418 of the 2D array 404 is 
preferably identical to the other cells in the array because each cell 
contains the same arrangement of subcells 418. 

[0071] For example, Figure 4B illustrates a system 404A containing 
thirty two cells 408 (8x4 array of cells 408A, 408B, 408C, etc.) in the 
wavelength separation device. Each cell 408 contains six subcells 418. 
Each subcell is designed to transmit one particular color with a certain 
polarization to detector 402. Three subcells 41 8A, 41 8B, 41 8C have slit 
shaped openings 407 oriented in a first direction (such as a horizontal 
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direction). Another three subcells 41 8D, 41 8E and 41 8F have slit shaped 
openings oriented in a second direction perpendicular to the first direction 
(such as a vertical direction). Thus, each cell 408 with this subcell layout 
can transmit both TM and TE polarized light. In one preferred aspect of 
this embodiment, the period of the openings 407 in each pair of subcells 
(41 8A and 41 8D, 41 8B and 41 8E, 41 8C and 41 8F) is the same. The 
subcells in each pair of subcells have slit shaped openings oriented 
perpendicular to each other to detect TE and TM polarizations of each 
color. However, the period of openings 407 is different between each 
pair of subcells. Thus, the system 404A shown in Figure 4B is a three 
color imaging system, where each pair of subcells is adapted to transmit 
one color. 

[0072] Figure 4C illustrates a system 404B containing nine cells 408 
(3x3 array of cells) in the wavelength separation device. Each cell 408 
contains twelve subcells 418. In one preferred aspect of this embodiment, 
the period of the opening in each pair of subcells is the same. The 
subcells in each pair of subcells have slit shaped openings oriented 
perpendicular to each other to detect TE and TM polarizations of each 
color. However, the period of openings is different between each pair of 
subcells. Thus, the system 404B shown in Figure 4C is a six color 
imaging system, where each pair of subcells is adapted to image one 
color. 

[0073] The subcells 418 are arranged in each cell 408 in a square or 
rectangular matrix. However, any other suitable arrangement may be 
used. The three- or six-color-separation systems were described above 
for illustration purposes only. By increasing the number of subcells in 
each cell, the system can' be easily scaled up for high-resolution 
multichannel analyzers with more than six color separation and imaging. 
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Furthermore, the cells 408 may be located in contact with adjacent cells, 
as shown in Figure 4B or separately from adjacent cells, as shown in 
Figure 4C. While the mosaic arrangement of subcells 41 8 within a single 
cell 408 allows for multicolor separation capability, repeating the mosaic 
cell into a 2D array results in an array of spectrum analyzers on a single 
chip to form the multispectral imaging system, such as a color camera. 

[0074] The systems described above contain metal islands or metal 
film with subwavelength slit shaped openings. However, metal islands or 
a metal film with a periodic or quasi-periodic surface topography may be 
used instead. For example, the multispectral imaging system may 
comprise a two dimensional array of subcells shown in Figure 2E instead 
of metal islands or a metal film with slit shaped openings shown in 
Figures 4A-4C. Thus, Figure 2E shows one cell of a multicell array, 
where the cell contains four subcells 18A, 18B, 18C and 18D. Each 
subcell has features 12 with a different period and a subwavelength 
opening 17. Thus, this is a four color imaging system. Since these 
subcells are not polarization dependent, there is no need to form pairs of 
subcells with the same opening period but perpendicular opening 
directions to image each color, as in the systems illustrated Figures 4A-C. 

[0075] Furthermore, the multispectral imaging systems also contain 
a photodetector 402, as described above. Preferably, the photodetector 
402 contains one pixel or cell 406 for each cell 408 in the metal film or 
metal islands. Most preferably, each photodetectror pixel 406 is arranged 
on a substrate 413 in registry with each cell 408, such that each 
photodetector pixel 406 receives radiation transmitted through only one 
cell 408. 

[0076] In a fifth preferred embodiment of the present invention, the 
nanophotonic spectrum analyzer or the multispectral imaging system 
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described above are used in an optical analyte detection system- An 
analyte detection system is a system in which radiation from the analyte 
is detected by the spectrum analyzer or the multispectral imaging system. 
The analyte may be an organic material, such as a biomaterial (i.e., 
protein, antibody, antigen, etc.) or a polymeric material, or an inorganic 
material, such as a metal, glass, ceramic or semiconductor material. The 
analyte may be in any one or more of solid, liquid or gas states. Any 
suitable radiation from the analyte may be detected by the analyte 
detection system, such as fluorescence or luminescence from the analyte, 
absorption or transmittance of incident radiation which passes through 
the analyte or is reflected from the analyte, or modification of the incident 
radiation by the analyte, such as peak shifting in the radiation that is 
transmitted through or reflected by the analyte. 

[0077] Figure 5A illustrates an exemplary optical analyte detection 
system 500. The system 500 includes an excitation source 501, an 
analyte holder 502 and either the one dimensional spectrum analyzer 304 
or the two dimensional multispectral imaging system 404 described 
above. 

[0078] Any suitable excitation source 501 may be used. Preferably, 
an optical excitation source, such as a light emitting diode, laser or lamp 
emitting in the UV, visible or IR range is used. However, any other non- 
optical excitation source may be used instead, which generates an optical 
response 504, such as fluorescence, from the analyte 503. For example, 
the excitation source may comprise a thermal source, such as a heater or 
furnace, which causes the analyte to emit radiation in response to heat. 
Alternatively, an X-ray, gamma ray or electron beam source may be used 
as an excitation source if the X-rays, gamma rays or electrons cause the 
analyte to emit radiation. 
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[0079] The analyte holder 502 may comprise any device that can 
hold the analyte 503 during the optical detection. For example, as shown 
in Figure 4A, the analyte holder 502 may comprise a microslide if the 
analyte 503 is a liquid, solid or gel biomaterial, such as a serum sample. 
Alternatively, the analyte holder 502 may comprise a radiation transparent 
gas or liquid container for a gas or liquid analyte, or any suitable shelf, 
susceptor or support for a solid or gel analyte 503. 

[0080] The system 500 includes a one dimensional spectrum 
analyzer 304 (i.e., the monochromator and photodetector combination 
described above) to detect the radiation 504 from the analyte 503 if two 
dimensional resolution of the analyte is not required. The system 500 
includes the two dimensional multispectral imaging system 404 described 
above if it is desirable to detect radiation from a two dimensional 
distribution of analyte 503. For example, the multispectral imaging 
system may detect differences in radiation 504 emitted by different 
regions of the analyte 503 and/or may be used to detect radiation 504 
from a larger portion of the analyte 503. 

[0081] Figure 5B illustrates a preferred embodiment of the optical 
analyte detection system 500. In this system 500, the excitation source 
501 comprises a light emitting diode or a laser diode. An optional nano- 
optic excitation filter 506 is placed between the excitation source 501 
and the analyte holder 502. The filter 506 may comprise a metal film or 
metal islands containing subwavelength slit shaped openings 507 having 
the same period, in order to polarize the incident radiation. Alternatively, 
the filter may comprise another type of polarizing filter that polarizes the 
incident radiation. The analyte holder 502 comprises a microslide and the 
analyte 503 comprises a biomaterial, such as a protein, antibody and/or 
fluorophore containing sample. The multispectral imaging system 404 
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includes the photodetector 402 and the wavelength separation device 

401 described above. Preferably, the openings 407 in the wavelength 
separation device 401 are slit shaped and are oriented in a direction 
perpendicular to the openings in the filter 506. Thus, the openings 407 
prevent the polarized excitation source 501 radiation from reaching the 
photodetector 402, and the photodetector detects fluorescence from the 
analyte 503 which passes through the openings 407. In other words, the 
grating lines of the two dimensional nano-optic monochromator 401 are 
aligned perpendicular to those of the excitation filter 506 so that the 
unabsorbed incident (i.e., excitation radiation) is significantly filtered out 
before reaching the detector array 402. 

[0082] The nano-optic filters show an acceptance angle of about + 
5-10 degrees. A spacing between about 200 to about 2000 microns 
between the nano-optic monochromator array 401 and the analyte holder 

402 is expected to be reasonable for an about 10 to about 100 micron 
cell size of the wavelength separation device (i.e., nano-optic array) 401. 
This spacing provides sufficient space to slide a plate shaped analyte 
holder 502 with the analyte 503 in and out of the system 500. 

[0083] As discussed above, the nano-optic monochromator array 
401 can be integrated with a detector chip 402 in a hybrid or monolithic 
fashion as discussed above. In the hybrid configuration case, 
commercially available detector chips (CCDs or CMOS active pixel sensor 
arrays) may be used. The number of cells 408 (i.e., channels) in the nano- 
optic monochromator 401 may be kept relatively small, such as 10 to 
100 cells. However, a larger number of cells, such as 100 to 10,000 
cells may be used. The size of each cell may be about 50 to about 500 
microns, which is 5 to 50 times larger than the pixel size of commercial 
photodetector arrays (typically about 10 microns in CCDs). A particular 
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wavelength component of a fluorescence signal that passes through a cell 
408 is then detected by about 5 to about 50 pixels. Alternatively, each 
cell 408 may be designed to correspond to one photodetector pixel. In 
the case of monolithic integration of the monochromator 401 and 
photodetector 402, the nano-optic monochromator may be located in a 
portion of the metal interconnect of a CMOS active pixel array (or of a 
CCD) chip. Therefore the entire process is compatible with the standard 
CMOS process. 

[0084] Figure 6 illustrates a method of using the optical analyte 
detection system 500 for medical analysis according to a preferred 
embodiment of the present invention. However, the system 500 may be 
used on other analytes and/or for other purposes. 

[0085] As shown in Figure 6, a bio analyte 503, such as blood or 
other human or animal body fluid, is provided onto the analyte holder 
502. The analyte 503 contains various components of interest, such as 
proteins, antibodies, etc. The analyte holder 502 contains an array of one 
or more types of attachment members 508, such as various antibodies, 
antigen, proteins etc. For example, the attachment members 508 may 
comprise specific antibodies to various disease proteins, such as 
influenza, smallpox and anthrax proteins. Alternatively, the attachment 
members 508 may comprise specific antigen or protein to various disease 
antibodies. 

[0086] In one preferred aspect of this embodiment, these antibodies 
are fluorescently labeled with any suitable fluorophore, such as an organic 
dye molecule or a semiconductor quantum dot. When the analyte 503 
contains antigen or proteins that specifically bind to the antibodies 508, 
these antigen or proteins bind to the antibodies 508. The binding 
changes the characteristic of the radiation 504 emitted by the fluorophore 
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in response to the excitation radiation. For example, the wavelength 
and/or intensity of the radiation 504 emitted by the fluorophore may be 
changed by the binding. The photodetector 402 detects the radiation 
504 and a computer or other processor 509 stores, transmits and/or 
displays the results of the detection by the photodetector. For example, 
when the radiation 504 from the fluorophore attached to the anthrax 
specific antibody 508 changes, the computer 509 indicates that the 
analyte blood 503 came from a patient who is infected with anthrax. 

[0087] The binding may be detected by one or more of the following 
methods. In the first method, different attachment members are provided 
onto different regions of the analyte holder 502, and this layout 
information is provided into the computer 509. The analyte holder 502 
containing attachment members 508 is irradiated with exciting or incident 
radiation 501 and the fluorescence radiation 504 of the fluorophores is 
detected by the photodetector 402 as the background radiation. Then, 
the analyte 503 is provided onto the analyte holder 502 and the analyte 
holder is again irradiated with the exciting radiation 501. The 
photodetector detects the fluorescence radiation 504 and the computer 
509 determines if the fluorescence radiation 504 changed from any region 
on the analyte holder from before to after the placement of the analyte 
503. The computer can thus determine if there was binding to the 
specific attachment members 508 in a particular region of the analyte 
holder 502, and thus determine the content of the analyte 503 since the 
attachment members 508 are different in different regions of the analyte 
holder 502. If desired, the exciting radiation 501 may be directed onto 
the analyte holder 502 continuously to detect real time binding between 
the proteins or antigen in the analyte 503 and the attachment members 
508. 
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[0088] In another method to detect the binding, a fluorophore 
having a different fluorescence wavelength is attached to each type of 
attachment member 508 and this data is stored in the computer 509. 
The sample holder 502 containing attachment members 508 is irradiated 
with exciting or incident radiation 501 and the fluorescence radiation 504 
of the fluorophores is detected by the photodetector 402 as the 
background radiation. Then, the analyte 503 is provided onto the analyte 
holder 502 and the analyte holder is again irradiated with the exciting 
radiation 501 . The photodetector detects the fluorescence radiation 504 
and the computer 509 determines if the fluorescence radiation 504 of a 
particular wavelength changed from before to after the placement of the 
analyte 503. The computer can thus determine if there was binding to 
the specific attachment members 508 based on the wavelength of the 
fluorophore radiation that was changed after the introduction of the 
analyte 503. If desired, the exciting radiation 501 may be directed onto 
the analyte holder 502 continuously to detect real time binding between 
the proteins or antigen in the analyte 503 and the attachment members 
508. In this method, it is preferred, but not necessary to locate different 
types of fluorophores/attachment members 508 on different regions of 
the analyte holder 502, since the wavelength rather than location of the 
changed radiation is used to detect binding. It should be noted that the 
intensity of the detected radiation may be used to determine the degree of 
binding between the analyte contents and the attachment members 508, 
if desired - 

[0089] A third detection method is illustrated in Figure 6. In this 
method, the fluorophores are not attached to the attachment members 
508. Instead, additional fluorescently labeled members 510, such as 
fluorescently labeled antibodies, antigen or proteins, are provided onto the 
analyte holder 502 after the analyte 503. These members 510 are 
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designed to bind to proteins, antigen or antibodies found in the analyte 
503. Thus, if the antibodies, antigen or proteins form the analyte 503 are 
bound to the attachment members 508, then the fluorescently labeled 
members 510 also bind to these antibodies, antigen or proteins form the 
analyte 503. The presence of the bound antibodies, antigen or proteins 
form the analyte 503 is determined by irradiating the analyte holder 502 
with exciting or incident radiation 501 and the fluorescence radiation 504 
from the members 510 is detected by the photodetector 402. The 
different types of fluorescently labeled members 510 may be labeled with 
fluorophores which emit radiation of a different wavelength and/or 
different types of attachment members 508 may be located in different 
parts of the analyte holder 502 in order to distinguish a type of protein, 
antibody or antigen that bound to the attachment members 508. 

[0090] In this method, while it is preferable to include the 
attachment members 508, these members 508 may be omitted. Instead, 
the surface of the analyte holder 502 may be treated to attach all 
proteins, antibodies, antigens or other analyte components of interest, 
and the different types of fluorescently labeled members 510 labeled with 
fluorophores which emit radiation of a different wavelength are provided 
onto the analyte 503. Members 510 are designed to only bind to specific 
components of the analyte. If these analyte components are not present, 
then members 510 will not remain on the analyte holder 502. Thus, 
presence of a particular component of the analyte may be detected 
without attachment members 508 by determining the wavelength(s) of 
radiation emitted by the attached labeled members 510. 

[0091] The overall system 500 performance is expected to be 
determined by the following factors: the power and spectral 
characteristics of both the excitation source and fluorophores, the 
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detector 402 responsivity, spacing between component layers and the 
filter characteristics of both the excitation filter 506 and monochromator 
array 401. In the case of multispectral fluorescence using organic dye 
fluorophores, each dye usually requires different excitation wavelength. 
LEDs can be used with nano-optic excitation filters shown in Figures 1-2E 
in order to produce a wavelength-multiplexed beam that has a well- 
defined narrow spectral width at each component wavelength. In the case 
of quantum dot fluorophores, the fluorophores of different wavelengths 
can be excited with a single exciting wavelength. This simplifies 
excitation optics compared with using organic dye fluorophores. 

[0092] An advantage of the system 500 is its capability to 
simultaneously detect multiwavelength components of fluorescence 
signals utilizing the fine resolution of the nano-optic monochromator 401 
in conjunction with quantum dot or nanotube probes of narrow spectral 
width. This multispectral detection allows an application of a 
deconvolution technique in extracting each wavelength component from 
mixed-wavelength signals. This is further refines the spectral analysis 
capabilities of the system 500. 

[0093] Another advantage of the system 500 is high throughout. 
For example, as shown in Figures 4B and 4C f by using two dimensional 
monochromators 401 having a 4x8 or 3x3 array configuration, 
respectively, allows simultaneous analysis of 8x4 or 3x3 analyte arrays. 
The 2D arrays, whose individual cells possessing multispectral analysis 
capability, offer an ultimate high-throughput. 

[0094] The one and two dimensional spectrum analyzers 304, 404 
may be made by any suitable method. For example, the wavelength 
separation device 301, 401 and the photodetector 302, 402 may be 
manufactured separately and then bonded or attached together to form 
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the analyzer. For example, the wavelength separation device 301, 401 
and the photodetector 302, 402 may be attached to each other by a 
radiation transparent layer or adhesive and/or by a fastening device, such 
as a bracket. The wavelength separation device 301, 401 and the 
photodetector 302, 402 may be attached to each other at the periphery 
or along their entire length. The wavelength separation device 301, 401 
may contact the photodetector 302, 402 directly, or a radiation 
transparent layer, such as a silicon oxide or glass layer, or the substrate 
303 may be placed between them. 

[0095] In another preferred aspect of the third embodiment, the 
spectrum analyzer device is formed monolithically. In other words, rather 
than forming the wavelength separation device 301, 401 and the 
photodetector 302, 402 separately and then attaching them to each 
other, the individual components or layers of one of the wavelength 
separation device 301, 401 and the photodetector 302, 402 are formed 
sequentially over the other- Thus, the individual components or layers the 
wavelength separation device 301, 401 may be formed sequentially over 
the photodetector 302, 402 and vise versa. 

[0096] For example, the solid state photodetector array 302, 402 is 
provided in or over a substrate 313. This step preferably includes 
photolithographically forming a CCD, a CMOS active pixel array or a focal 
plane array in or on the substrate 313. In other words, the photodetector 
array 302, 402 may be formed by standard microfabrication techniques, 
such as semiconductor, metal and/or insulating layer deposition, ion 
implantation, photoresist masking, and etching of the unmasked layer 
portions. 

[0097] A metal film 305, 405 is then monolithically deposited on 
the photodetector array 302, 402 (i.e., the metal film is deposited by a 
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thin film deposition method, such as evaporation, sputtering or CVD 
rather than being formed and then attached to the array 302, 402). The 
metal film 305, 405 is then photolithographically patterned to form a 
plurality of openings therein. The openings may be formed by forming a 
photoresist layer on the metal film or over a hardmask layer over the 
metal film, exposing and patterning the photoresist layer, and then 
etching the uncovered portions of the metal film to form the openings. 

[0098] Alternatively, a plurality of metal islands are monolithically 
deposited onto the photodetector array 302, 402. A number of suitable 
island deposition methods may be used, as will be described in detail 
below. 

[0099] If the metal film or metal islands contain a periodic or quasi- 
periodic surface topography, then the topography may be 
photolithographically formed on the metal film or islands. 

[0100] In a preferred aspect of the invention, the wavelength 
separation device is formed at the same time as the metallization of the 
photodetector. For example, the metal film or metal islands 305, 405 
may be formed over a interlayer insulating layer which is formed over 
metallization or interconnects of the photodetector 302, 402. In CCD, 
CMOS or focal plane array photodetectors, one or more levels of 
metallization interconnects are formed over the semiconductor devices. 
The wavelength separation device 301, 401 may be formed over the 
metallization layers, between the metallization layers, as part of one of 
the metallization layers (i.e., a portion of a metal level acts as the 
wavelength separation device and another portion acts an interconnect for 
the photodetector), below the metallization layers, or on the opposite side 
of the substrate 313 from the metallization layers. 
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[0101] For example, the wavelength separation device may 
comprise an AI film or islands anc| may comprise a portion of the Al 
interconnect parts of a standard CMOS process. In the 0.13-jam CMOS 
process, for example, five or six levels of metal interconnects are used. 
These interconnects can be designed as the nano-optic monochromator 
arrays and be monolithically integrated with CMOS active pixel arrays on 
the same chip. The nano-optic filter arrays can be designed to cover the 
spectral range of approximately 400 to 1 000 nm, by using grating periods 
of 250 to 700 nm. Thus, the spectrum analyzer chips 304, 404 can be 
fabricated using a semiconductor foundry service. 

[0102] In the devices of the preferred embodiments, a symmetric 
configuration may be used to reduce a passband width (i.e., to reduce the 
number of sidelobes or sidebands) if desired. In this configuration, the 
wavelength separation device is sandwiched between two radiation 
transparent substrates composed of the same dielectric media. 

[0103] If metal islands are used as the wavelength separation 
device, then these islands may be made by any suitable method. For 
example, in one preferred aspect of the present invention, the metal 
islands spaced apart by radiation transparent regions or slit shaped 
openings are formed by self assembly. In other words, rather than 
forming a metal film and patterning the film into metal islands, the spaced 
apart metal islands are formed simultaneously or sequentially without first 
being part of an unpatterned metal film. The metal islands may comprise 
discrete metal islands that are not connected to each other (i.e., the metal 
islands are not in direct contact with each other) or metal islands that are 
connected to each other at a peripheral region of the optical device. In 
another preferred aspect, the metal islands comprise discrete islands that 
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are formed by patterning a metal film into the islands. Preferably, the 
islands are patterned using a lithographic method. 

[0104] The metal islands 5 may have any suitable thickness such 
that the islands 5 themselves are opaque to radiation but will generate 
plasmon enhanced radiation transmission through openings or regions 7. 
Preferably, metal island thickness should be at least about two or three 
times the skin depth of metal. In silver islands with incident radiation in a 
visible wavelength range, the skin depth is around 30 nm, and the metal 
island thickness should be at least about 60 to 90 nm or greater. The 
skin depth increases for longer wavelength range and is somewhat 
different for different metals. Thus, for example, the metal islands 5 may 
have a thickness of about 50 nm to about 2000 nm, such as 100 nm to 
400 nm, preferably 120 to 180 nm. 

[0105] In a preferred aspect of the first and second embodiments, 
the metal islands 5, 15 are formed by self assembly and are located on a 
plurality of ridges 21 on the transparent substrate 3, 13. Preferably, as 
shown in Figure 7, each one of the plurality of metal islands 5, 15 is 
located on a corresponding one of the plurality of ridges 21. The metal 1 
islands and the ridges may have any suitable shape, as discussed above. 
Preferably, the metal islands and the ridges are shaped such that the 
openings 7, 17 between the islands are slit shaped. Thus, a length of 
each metal island is preferably at least 10 times larger than its width and 
a length of each ridge is preferably at least 10 times larger than its width. 
As shown in Figure 7, the plurality of ridges 21 preferably have a 
rectangular shape. The ridges 21 may comprise protrusions on the upper 
portion of the radiation transparent substrate 3, 13, protrusions on the 
upper portion of a radiation transparent layer located on the radiation 
transparent substrate or the photodetector 302, 402, or discrete radiation 
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transparent elements located over the radiation transparent substrate or 
the photodetector 302, 402. Thus, the substrate 3, 13 may comprise a 
unitary substrate (i.e., a single layer radiation transparent material) or it 
may contain more than one layer of radiation transparent material. The 
ridges 21 may have a variable period to form devices of the first preferred 
embodiment. 

[0106] Preferably, each respective metal island 5, 15 extends over an 
upper surface 23 of each ridge 21 and over at least a portion of at least 
one side surface 25 of each respective ridge 21 . Most preferably, the 
metal islands are formed by angled deposition, as shown in Figure 8. In 
this case, each metal island 5, 15 extends lower over a first side surface 
25 of a respective ridge 21 than over a second side surface 27 of the 
respective ridge 21 because the metal is angle deposited from the first 
side surface 25, as will be described in more detail below. 

[0107] In an alternative aspect of the present invention, the substrate 
3, 13 comprises a nanopore array. Preferably, the substrate 3, 13 
comprises an anodic aluminum oxide nanopore array located over a 
radiation transparent substrate or the photodetector, as will be described 
in more detail below. 

[0108] The optical devices 1 , 1 1 of the preferred aspects of the present 
invention may be made by any suitable method where a plurality of metal 
islands 5, 15 are formed on the radiation transparent substrate 3, 13. As 
described above, the metal islands 5, 15 are preferably selectively 
deposited on the plurality of ridges 21, such that metal is not deposited 
between the ridges 21 . 

[0109] Figure 8 illustrates a preferred method of selectively forming the 
metal islands 5, 15 by self assembly using angled deposition. In this 
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method, the metal is directed onto the ridges 21 in a non perpendicular 
direction with respect to tops of the ridges. For example, if the ridges 
contain a flat upper surface 23, then the metal may be directed at an 
angle of 20 to 70 degrees, such as 30 to 50 degrees, with respect to the 
flat upper surfaces 23 of the ridges. 

[0110] Preferably, the metal islands 5,15 are deposited on the ridges 
21 by evaporation (thermal or electron beam), as shown in Figure 8. In 
the evaporation method, the metal is evaporated thermally or by an 
electron beam from a metal source or target 31 onto the substrate 3, 13. 
For angled deposition, the substrate 3, 1 3 is inclined by 20 to 70 degrees, 
such as 30 to 50 degrees, preferably 45 degrees, with respect to the 
target 31. Since the spaces between the ridges 21 are sufficiently small, 
no metal is deposited between the ridges during the angled deposition. 
Thus, the tilt angle theta of the substrate should be sufficient to prevent 
metal deposition between the ridges 21. The metal islands 5, 1 5 may 
also be deposited by any other suitable angled or nonangled metal 
deposition method, such as metal organic chemical vapor deposition 
(MOCVD), molecular beam epitaxy (MBE), sputtering and other suitable 
methods. 

[0111] The ridges 21 may be formed on the substrate 3, 13 by any 
suitable method. Preferably, the ridges are made using lithography. Most 
preferably, the ridges are made using photolithorgraphy, as will be 
described in more detail below. However, the ridges 21 may be made by 
using imprint or nanoindentation lithography such as, by stamping a 
transparent unitary or multilayer substrate with a ridged stamp to form a 
plurality of ridges and grooves in the transparent substrate. 

[0112] Figures 9A, 9B and 9C illustrate one preferred method of 
forming the ridges in a transparent substrate (i.e., a unitary substrate or a 
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multilayer substrate) 3, 1 3 or in a layer over the photodetector 203 using 
photolithography. As shown in Figure 9A, a photoresist layer 41 is 
formed on the first surface of the substrate 3, 13 (or photodetector 203). 
The term "photoresist layer" includes any suitable positive or negative 
photosensitive layer used for semiconductor and other microdevice 
patterning. The photoresist layer 41 is then selectively exposed by 
radiation, such as UV or visible light, or by an electron beam. 

[0113] The selective exposure can take place through a mask, by 
selectively scanning a narrow radiation or electron beam across the 
photoresist layer 41 or holographically. For example, as shown in Figures 
9B and 9C, the photoresist layer may be separately exposed 
holographically for each cell of the wavelength separation device or the 
entire layer may be exposed at the same time for a chirped grating 
pattern. 

[0114] To perform holographic lithography, a laser beam is split into 
two beams. The two beams are then reflected so that they converge 
together onto the photoresist layer 41. Where the two beams converge, 
an interference pattern comprised of multiple parallel lines of intense light 
is generated. The parallel lines of intense light occur with a particular 
periodicity which may be adjusted by changing the incident beam angle. 
Further adjustment of the periodicity may be accomplished by changes in 
optics, e.g., changes in the wavelength of the light source, and/or the 
refractive index of the ambient dielectric adjacent to the photoresist. 
Thus, the photoresist is exposed where the two beams converge and not 
exposed where the two beams do not converge. The length, A, shown in 
Figure 9B is equal to the peak wavelength of the split laser beams divided 
by (sinGi + sin02), where 0i and 02 are the angles of the laser beams with 
the normal to the photoresist surface, as shown in Figure 9A. 
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[01151 The selective exposure leaves the photoresist layer 41 with 
exposed and non-exposed regions. The holographic exposure is preferred 
because it forms slit shaped exposed and non-exposed regions in the 
photoresist layer 41 which can then be used to form slit shaped ridges 
and grooves in the substrate. 

[0116] The exposed photoresist layer 41 is then patterned, as shown in 
Figure 9B. If the photoresist layer 41 is a positive photoresist layer, then 
the exposed regions are removed by a suitable solvent, while leaving the 
unexposed regions as a photoresist pattern 43 on the substrate 3, 1 3, as 
shown in Figure 9B. If the photoresist layer 41 is a negative photoresist 
layer, then the unexposed regions are removed by a suitable solvent, 
while leaving the exposed regions as a photoresist pattern 43 on the 
substrate 3, 13. 

[01 17] The upper surface of the substrate 3, 1 3 is then etched to form 
the ridges using the patterned photoresist layer 41 as a mask (i.e., using 
the exposed or non-exposed regions 43 remaining on the substrate as a 
mask). The substrate may be patterned by wet and/or dry etching. It 
should be noted that other intermediate processing steps, such as 
photoresist baking, cleaning, etc., may also be added as desired. 

[0118] Furthermore, if desired, a hardmask layer, such as a silicon 
nitride, silicon oxide, silicon oxynitride or a metal layer, such as a 
chromium layer, may be added between the photoresist layer 41 and the 
substrate 3, 13 if needed, as shown in Figures 9D-9I. As shown in 
Figures 9D and 9E, hardmask layer 42, such as a Cr layer, is formed on 
the substrate 3, 13. A photoresist pattern 43 is then formed on the 
hardmask layer 42 by any suitable method, such as the holographic 
lithography method, as shown in Figure 9F. The hardmask layer 42 is 
then patterned using the photoresist pattern 43 as a mask to form a 
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hardmask pattern 44, and then the photoresist pattern 43 is removed, as 
shown in Figure 9G. The substrate 3, 13 is then patterned to form the 
ridges 21 using the hardmask pattern 44 as a mask, as shown in Figure 
9H. The hardmask pattern 44 is then removed. The metal islands 5 are 
then selectively deposited on the ridges 21, such as by angled deposition, 
as shown in Figure 91. 

[0119] A preferred example of the parameters of the method 
described above is as follows. An about 40 nm thick Cr hardmask layer is 
deposited on a quartz substrate by thermal evaporation. This is followed 
by HMDS application and photoresist spin coating to a thickness of about 
100 nm on the hardmask layer. Microposit Photoresist 1805 and 
Microposit Type P Thinner in 1:1 volume ratio is used with a spin speed 
5000 rpm. The photoresist layer was then subjected to a softbake at 95 
degrees Celsius for 30 minutes. The photoresist is exposed by 
holographic lithography. A UV He-Cd laser (325 nm wavelength, 1 5 mW 
CW power) is used for the exposure. The photoresist layer is then 
developed using Microposit 351 and Dl water in 1:4 volume ratio. The 
developed (i.e., patterned) photoresist is then subjected to a hardbake at 
120 degree Celsius for 30 minutes. 

[0120] The Cr hardmask layer is then etched using the patterned 
photoresist layer as a mask. The Cr layer is etched using a reactive ion 
etching (RIE) system (PlasmaTherm 790 ICP/RIE) in a two step etching 
process. In step 1, CI2 (20 sccm) + 02 (10 seem) at 10 mTorr pressure, 
RIE power of 25 W and ICP power of 100 W for 30 seconds are used. In 
step 2, CI2 (24 sccm) + 02 (6 seem) at 10 mTorr pressure, RIE power of 
10 W and ICP power of 100 W for 7 minutes are used. 

[0121] The patterned hardmask layer is then used as a mask to 
pattern the quartz substrate. The quartz substrate is etched by RIE using 
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CF4 (37 sccm)-h02 (4sccm) at 15 mTorr, RIE power of 100 W and ICP 
power of 150 W for 12 minutes. Thereafter, the remaining Cr hardmask 
is removed by chemical etching with NaOH + K3Fe(CN)e + H2O solution. 
The Ag islands are then deposited on the mesa etched substrates using 
angled deposition. The Ag islands are deposited to various thicknesses 
using thermal evaporation of Ag source in a base pressure of 10" 5 Torr 
with a tilt angle of 45 degrees. The holographically-patterned and mesa- 
etched substrates, once made, can be utilized as a master mold in 
nanoimprinting the array patterns on substrates without involving any 
separate optical or electron lithography process each time of pattern 
definition or transfer. 

[0122] Figures 10A and 10B illustrate another preferred method of 
forming the ridges in a transparent substrate (i.e., a unitary substrate or a 
multilayer substrate) 3, 13 or over the photodetector 203 using 
photolithography and a nanopore array. One exemplary method of 
forming a nanopore array is described in Z. Sun and H. K. Kim, Appl. 
Phys. Lett., 81 (18) (2002) 3458. 

[0123] First, as shown in Figure 10A, a photoresist pattern 43 in a 
shape of a grating is formed on the substrate 3, 13 or over the 
photodetector 203 in the same manner as described above and as 
illustrated in Figures 9A-9B. The photoresist pattern may be formed by 
holographic or non-holographic lithography. After forming the photoresist 
pattern 43, the substrate 3, 13 may be etched to transfer the grating 
pattern to the substrate to form ridges 21 illustrated in Figure 7, after 
which the photoresist pattern 43 is removed. Alternatively, the substrate 
etching and photoresist pattern removal steps may be omitted. 

[0124] A metal layer 51 capable of being anodically oxidized is 
conformally deposited over the ridges 21, if the ridges are present, or 
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over the photoresist pattern 43, if the photoresist pattern has not been 
removed, as shown in Figure 10B. The conformally deposited metal layer 
51 assumes the grating pattern of the underlying substrate or photoresist 
pattern, as shown in Figure 10B. In other words, the metal layer 51 is 
formed on a grating patterned transparent substrate (i.e., a ridged 
substrate or a patterned photoresist 43 covered substrate) such that the 
grating pattern of the substrate 3, 1 3 is translated to an upper surface of 
the first metal layer 51 . 

[0125] The metal layer 51 may comprise any suitable metal, such as 
Al, Ta, Ti, Nb and their alloys, which may be anodically anodized. The 
metal layer 51 may be deposited by any suitable method, such as 
sputtering, MOCVD, evaporation (thermal or electron beam), MBE, etc. 
The metal layer 51 may have any suitable thickness, such as 100 to 
1000 nm, preferably 350-400 nm. The corrugation depth in the upper 
surface of the metal layer 51 is preferably about the same as the 
corrugation depth of the substrate or the photoresist pattern. Preferably, 
the corrugation depth of the metal layer 51 is about 20 to about 300 nm, 
such as about 80 to 100 nm. 

[0126] The metal layer 51 then is oxidized anodically, by any suitable 
method. For example, an Al layer 51 on a silica substrate 3, 13 may be 
anodically oxidized in dilute electrolyte (1 H3PO4 + 800 H2O in volume 
ratio) at room temperature using a platinum wire as a counter electrode. 
The anodization is preferably conducted under a constant voltage mode 
for about 40 minutes. The anodic voltage is chosen such that the 
expected pore distance matches the grating period, for example 1 40 volts 
for a 350 nanometer grating period. In a naturally-formed alumina pore 
array, the interpore distance is proportional to the anodization voltage, i.e. 
about 2.5 nanometers/volt. The voltage may be varied for anodizing 
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different portions of the metal layer to form pores with a variable period. 
After anodization, the samples are preferably treated with phosphoric acid 
(diluted with water in a 1:3 volume ratio) for one to two minutes. Figure 
10C is a electron micrograph of a nanopore array 53 grown in the grating 
patterned aluminum layer 51 when the aluminum layer 51 is converted to 
aluminum oxide by anodic oxidation. The resulting alumina pores exhibit 
a uniform depth, such as about 1 00 to 2000 nm, preferably about 300 to 
400 nm and the pore bottom has a concave, hemispherical shape with 
barrier thickness of about 100 to 300 nm, such as 150 to 200 nm. The 
preferred pore diameter is about 5 to 100 nm, such as 5 to 10 nm. The 
nanopores selectively form in troughs of the grating pattern in the upper 
surface of the anodically oxidized metal layer 51 . 

[0127] After forming the nanopore array 53, such as the array shown in 
Figure 10C, metal islands 5, 15 are selectively grown in the nanopores, as 
shown in Figure 10D. One preferred method of selectively growing metal 
islands inside the nanopores in a metal oxide layer is an electroplating 
method illustrated in Figure 10E. The nanopore array 53 is formed on a 
conductive or a semiconducting substrate 63. The substrate 63 may 
comprise a metal layer, such as a metal layer which is not anodically 
oxidized, or a doped semiconductor layer, such as silicon, gallium arsenide 
or gallium nitride. The substrate 63 may comprise the radiation 
transparent substrate 3, 1 3 used in the devices 1 , 1 1 or the substrate 63 
may comprise a temporary substrate which is transparent or non- 
transparent to radiation. The substrate 63 and array 53 are then provided 
into an electroplating bath 65 containing a liquid metal 67. A potential 
difference (i.e., a voltage) is applied between the substrate 63 and the 
array 53. Since the array 53 is thinner in regions 55 below the nanopores 
57, a voltage gradient exists in these regions 55. This causes the metal 
67 from bath 65 to selectively deposit into the nanopores 57. If desired, 
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the electroplating method may be used to selectively fill the nanopores 57 
with metal 67 from bath 65. The metal 67 may be any metal which 
exhibits the previously described plasmon enhancement effect and which 
may be deposited into metal oxide pores by electrodeposition, such as Ni, 
Au, Pt and their alloys. Thus, the islands 5, 15 are formed by filling the 
nanopores 57 with the electroplated metal 67. A metal island array 
suitable for monochromator and image analyzer applications and having a 
structure complementary to the structure illustrated in Figure 2C may be 
formed by filling nanopores with electroplated metal. 

[0128] In an alternative preferred aspect of the present invention, the 
nanopores 57 are filled only part of the way with the metal 67 during the 
electroplating step. In this case, the metal 67 may be any metal which 
can act as a catalyst for selective metal vapor deposition. For example, 
the metal 67 may be'Au. The array 53 with the catalyst metal 67 formed 
on the bottom of the nanopores 57 is then transferred to a metal vapor 
deposition chamber, such as a chemical vapor deposition chamber. Metal 
islands 5,15 are then selectively grown on the catalyst metal 67 by 
selective vapor deposition. The metal islands 5, 15 may comprise any 
metal which exhibits the previously described plasmon enhancement 
effect and which may be selectively deposited on a catalyst metal 67, but 
not on metal oxide walls of the nanopore array 53. For example, this 
metal may comprise Al or Ag. 

[0129] If the nanopore array 53 is formed on a temporary substrate 63, 
then the temporary substrate may be removed from the array 63 before or 
after the formation of the metal islands 5, 15 on the array 53. The 
temporary substrate may be removed by selective etching, polishing or 
chemical mechanical polishing of the substrate, by selective etching of a 
release layer (not shown for clarity) located between the temporary 
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substrate 63 and the array 53, or by peeling the substrate 63 away from 
the array 53. In case of peeling, one or more peel apart layers may be 
located between the substrate 63 and the array 53. The peel apart 
layer(s) have a low adhesion and/or strength such that they can be 
separated mechanically from each other or from the array and/or the 
substrate. The transparent substrate 3, 1 3 or the photodetector 203 is 
then attached to the array 53 before or after forming the metal islands 
5,15 on the array, on the same and/or opposite side of the array 53 from 
where the temporary substrate 63 was located. 

[0130] In an alternative, preferred aspect of the present invention, a 
metal film with a plurality of openings, such as a metal film shown in 
Figure 2C is formed by angled deposition of metal on the ridges of a 
nanopore array. The angled deposition method is described above and 
illustrated in Figure 8. In another alternative aspect of the present 
invention, a metal layer is deposited over the nanopore array such that 
metal extends into the pores, and the metal layer is then chemically 
mechanically polished or etched back to expose top portions of the 
nanopore array. The polishing or etch back step leaves discrete metal 
islands in the nanopores, separated by the metal oxide nanopore array 
transparent regions. 

[0131] In another alternative aspect of the present invention, the 
nanopore array is formed without first patterning the substrate 3, 13 or 
forming the photoresist pattern 43. In this aspect, a metal layer 51, such 
as an Al, Ta, Ti or Nb layer is deposited on the unpatterned substrate or 
over the photodetector 203. Then corrugations are formed in the metal 
layer 51 by any suitable method. For example, the corrugations may be 
formed by selective laser ablation of the metal layer, by nanoindentation 
or nanoimprinting, or by photolithography (i.e., by forming a photoresist 
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pattern on the metal layer, then etching the metal layer using the pattern 
as a mask and removing the photoresist pattern). Preferably, holographic 
photolithography is used to pattern the metal layer 51, and a temporary 
silicon nitride, silicon oxide or silicon oxynitride hard mask is used 
between the photoresist and the metal layer 51 . Then, the metal layer 51 
is anodically oxidized as described above. 

[0132] Figures 11A-D illustrate an alternative method of forming the 
metal islands using a templated* nanopore array. As shown in Figure 1 1 A, 
the metal oxide nanopore array 53 on substrate 63 is formed using the 
method described above and illustrated in Figures 10A-10C. Then, a 
conformal template material 71 is deposited over the array 63, as shown 
in Figure 11B. The conformal template material 71 may comprise any 
material which can conformally fill the nanopores 57 of the array 53. For 
example, the conformal template material 71 may comprise silicon oxide, 
silicon nitride, a glass heated above its glass transition temperature, a 
CVD phospho- or a borophosphosilicate glass {PSG or BPSG, 
respectively), a spin on glass or a polymer material. If desired, the 
conformal template material may comprise all or part of the transparent 
substrate 3, 1 3. 

[0133] Then, as shown in Figure 1 1C, the conformal template material 
71 is removed from the nanopore array 53. The conformal template 
material 71 contains ridges 73 which previously extended into the 
nanopores 57 of the array. Then, the metal islands 5,15 are selectively 
deposited into the pores 75 between the ridges 73 of the conformal 
template material 71 using the electroplating method or on the ridges 73 
using angled deposition method as described above. If the conformal 
template material 71 is the transparent substrate 3, 13 material, then the 
process stops at this point. If the conformal template material 71 is not 
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the transparent substrate 3, 13, then the conformal template material 71 
is separated from the metal islands 5, 1 5 by any suitable method, such as 
selective etching, polishing or chemical mechanical polishing. The metal 
islands 5, 15 are attached to the transparent substrate 3, 13 before or 
after removing material 71, 

[0134] Figures 12A and 12B illustrate an alternative method of forming 
the metal islands 5, 1 5 without using ridges on a substrate or over the 
photodetector 203 and without using a nanopore array. In this method, a 
metal layer 81 is formed on the substrate 3, 13, as shown in Figure 12A. 
The substrate 3, 13 may contain features on its upper surface or it may 
contain a flat upper surface. The metal layer 81 is then patterned into a 
plurality of metal islands 5, 15 as shown in Figure 12B. The metal layer 
81 may be patterned lithographically as described previously. Thus, a 
photoresist layer 41 is formed on a first surface of the metal layer 81. 
The photoresist layer is selectively exposed to form exposed and non- 
exposed regions. The exposed photoresist layer is patterned into pattern 
43 and the metal layer is etched into the plurality of islands 5,15 using 
the patterned photoresist layer as a mask. 

[0135] The photoresist layer may be exposed holographically or non- 
holographically. If desired, an optional, temporary hardmask layer 
described above may be formed between the metal layer 81 and the 
photoresist. Alternatively, the metal layer may be patterned by selective 
laser ablation or other non-photolithographic methods instead of by 
photolithography. 

[0136] Figures 1 3A, 13B and 13C illustrate an alternative lift off 
method of forming the metal islands 5, 15. This method also does not 
require using ridges on a substrate or a nanopore array. In this method, a 
photoresist layer 41 is formed on the substrate 3, 13 or over the 
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photodetector 203 as shown in Figure 13A. The substrate 3, 13, may 
contain features on its upper surface or it may contain a flat upper 
surface. The photoresist layer is selectively exposed to form exposed and 
non-exposed regions. The photoresist layer may be exposed 
holographically or non-holographically. 

[0137] The exposed photoresist layer 41 is then patterned to form a 
photoresist pattern 43, exposing portion of the upper surface of the 
substrate 3, 13. As shown in Figure 13B, a metal layer 81 is formed over 
the photoresist pattern 43 and over exposed portions of the upper surface 
of the substrate 3, 1 3. 

[0138] As shown in Figure 13C, the photoresist pattern 43 is then 
lifted off, such as by selective etching or other suitable lift off techniques. 
Portions of the metal layer 81 located on the photoresist pattern 43 are 
lifted off with the pattern 43 to leave a plurality of metal islands 5, 15 on 
the upper surface of the substrate 3, 1 3. 

[0139] In order to improve further the passband characteristics of the 
optical devices 1 , 1 1 , a three dimensional stacked structure of metal film 
or metal island layers 91, 93 may be used, as shown in Figure 14. Two 
pieces of single-layer 1D optical devices 91, 93 are vertically stacked 
face-to-face, with grating lines (i.e., slit shaped transparent regions) 97 
substantially parallel to each other, and with the spacing between faces in 
a far field regime, where the far field regime comprises spacing that is 
greater than about 3 to 5 times the wavelength of the incident light or 
radiation. The transparent regions 97 may be slightly offset from each 
other by an amount that still allows radiation transmission through both 
layers. The two metal film or island layers are then expected to interact 
in the far-field regime, and therefore the overall transmission would be 
basically a product of two transmission profiles. This will result in 
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suppression of lower intensity side peaks and background transmission 
and also will narrow the width of the main peak. Overall, the use of a 
three-dimensional stacked structure of metal film or metal island layers 
will enhance the bandpass characteristics of the optical filter arrays. 

[0140] The present inventors have also discovered that localized 
surface plasmon (SP) resonance can occur at metal islands or in a metal 
film in an array of slit shaped transparent regions aligned in one direction 
between the metal islands or in the metal film, but not in an array of non- 
slit shaped apertures in a metal film. The transmission of radiation is 
higher through the array of slit shaped transparent regions between the 
metal islands or in the metal film than through the array of non-slit shaped 
apertures in a metal film. 

[0141] Furthermore, the present inventors have discovered that in the 
array of slit shaped transparent regions between the metal islands, the 
width of the slit shaped transparent regions and the metal island height 
(i.e., thickness) determine the transmission characteristics of these arrays. 
Without wishing to be bound by a particular theory, the present inventors 
believe that the localized SP resonance is responsible for this effect. 
When the transparent region width is within a preferred range, high 
transmission in the main passband wavelength and low transmission in 
the long wavelength range may be achieved. The preferred range is 
between about one and about three times the penetration depth of SP 
fields in the metal islands. Most preferably, the width is greater than 30 
nm and less than 100 nm. This range is preferable for the visible 
spectrum of light, and the preferred slit width will proportionally increase 
for the longer wavelength regime. This feature of 1D metal island / slit 
shaped transparent region arrays may be used in designing and/or 
developing spectral characteristics of wavelength separation devices. In 
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contrast, when the transparent region width is greater than this preferred 
range, the transmission at a main passband wavelength and in the long 
wavelength range is high. When the transparent region width is less 
than this preferred range, it results in extremely low transmission at the 
main passband wavelength and in the long wavelength range. 

[0142] Without wishing to be bound by a particular theory, the 
present inventors believe that two types of surface plasmon excitation are 
responsible for the characteristics of the radiation transmitted through the 
slit shaped transparent regions between metal islands or in the metal film: 
1 ) the SP resonance along the planes that comprise either the metal/air or 
metal/substrate interfaces, and 2) the SP resonance localized along the 
surface that encloses each metal island separated by the slit shaped 
transparent region (i.e., the metal island sidewalls or transparent region 
sidewalls in a metal film). 

[0143] The present inventors also believe that a peak transmission 
occurs in a device where the localized SP resonance is slightly off-tuned 
from the plasmon resonance at the metal/substrate surface. It is then 
expected that in such devices, the main passband transmission will 
remain high while the long-wavelength transmission will be low. 
Furthermore, the height (i.e., thickness) of the metal islands or metal film 
affects the width of the main passband peak. Generally, the width of the 
main passband peak decreases with a decreasing metal island or film 
thickness. It should be noted that the device ideally contains one 
passband at one peak wavelength. However, the devices may contain 
more than one passband with more than one peak wavelength. 

[0144] In some aspects of the present invention, metal islands 
separated by subwavelength radiation transparent regions may be used 
for the plasmon enhanced transmission of radiation instead of 
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subwavelength aperture(s) in a metal film. Preferably, the metal islands 
are formed using lithography and/or self assembly to, simplify processing 
and to increase the precision of the optical device. 

[0145] In one preferred aspect of the present invention, the metal 
islands spaced apart by radiation transparent regions are formed by self 
assembly. In other words, rather than forming a metal film and patterning 
the film into metal islands, the spaced apart metal islands are formed 
simultaneously or sequentially without first being part of an unpatterned 
metal film. The metal islands may comprise discrete metal islands that 
are not connected to each other (i.e., the metal islands are not in direct 
contact with each other) or metal islands that are connected to each other 
at a peripheral region of the optical device. 

[0146] In another preferred aspect, the metal islands comprise discrete 
islands that are formed by patterning a metal film into the islands. 
Preferably, the islands are patterned using a lithographic method. 

[0147] Figure 19A illustrates a surface plasmon resonant optical device 
1 which includes a radiation transparent substrate 3 and a plurality of 
metal islands 5 on the substrate 3. The metal islands 5 are separated by 
a plurality of radiation transparent regions 7. Figure 19B illustrates a side 
cross sectional view of the device 1 along line A-A\ 

[0148] Any suitable materials may be used for the substrate 3 and the 
metal islands 5. For example, any radiation transparent material (i.e., 
visible light, UV and IR transparent material) may be used as the substrate 
material. For example, the substrate 3 may comprise glass, quartz, 
ceramic, plastic or semiconductor material. The substrate 3 may 
comprise a plurality of films or layers or it may comprise a unitary body. 
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[0149] Any metal which exhibits surface plasmon resonance effects 
(i.e., a negative epsilon material) may be used as the metal island 5 
material. For example, metals such as silver, gold, copper and aluminum 
and alloys thereof which exhibit a bulk plasmon frequency about 9-10 eV, 

are preferred as the metal island material. 

> 

[0150] Adjacent metal islands 5 are separated by a distance 9 which is 
less than at least one first predetermined wavelength of incident radiation 
to be provided onto the device 1 . Preferably the distances is less than 
100 nm, such as 40-60 nm. This range is preferable for the visible 
spectrum of light, and the preferred distance will proportionally increase 
for the longer wavelength regime. The metal islands 5 are configured 
such that the incident radiation is resonant with a surface plasmon mode 
on the metal islands, thereby enhancing transmission of radiation between 
the plurality of metal islands. Preferably the transmitted radiation has at 
least one peak wavelength whose transmission is enhanced by the 
surface plasmon resonance. 

[0151] Any suitable radiation may be used as incident radiation. For 
example, the incident radiation may comprise visible light, UV or IR 
radiation. The incident radiation may comprise radiation with a narrow 
wavelength distribution, such as radiation with a peak wavelength and 
narrow band width around the peak wavelength, or radiation with a wide 
distribution of wavelengths, such as white light. For example, radiation 
having wavelengths greater than the plasmon wavelength of the metal 
islands may be used. For example, for silver islands, the plasmon 
wavelength is about 350 nm. Thus, radiation having wavelengths ranging 
from about 350 nm to microwave wavelengths may be used. If silicon 
photodetectors are used to detect the radiation, then a preferred incident 
radiation wavelength range is about 350 nm to about 1 100 nm. 
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[0152] Preferably, radiation having a peak wavelength less than 700 
nm, such as 400 nm to 700 nm (i.e., visible light) is used as the incident 
radiation. In this case, the metal islands 5 are separated by a distance 9 
of 700 nm or less, such as by 1 5 to 200 nm, preferably 40 to 60 nm. 

[0153] The metal islands 5 may have any suitable thickness such that 
the islands 5 themselves are opaque to radiation but will generate 
plasmon enhanced radiation transmission through regions 7. Preferably, 
metal island thickness should be at least about two or three times the 
skin depth of metal. In silver islands with incident radiation in a visible 
wavelength range, the skin depth is around 30 nm, and the metal island 
thickness should be at least about 60 to 90 nm or greater. The skin 
depth increases for longer wavelength range and is somewhat different 
for different metals. Thus, for example, the metal islands 5 may have a 
thickness of about 50 nm to about 2000 nm, such as 1 00 nm to 400 nm, 
preferably 120 to 180 nm. 

[0154] In a one embodiment of the present invention, the plasmon 
enhancement of the transmitted radiation occurs due to the period or 
spacing of the transparent regions 7 between the metal islands. For 
example, as shown in Figure 19A, the plurality of metal islands have a 
width 10, thereby forming an array of transparent regions between the 
plurality of metal islands with a period, a 0 , equal to the width 10 of the 
islands 5 plus the width 9 of the transparent regions. The period a 0 of the 
transparent regions 7 is selected based on the wavelength(s) of the 
incident radiation that will be used to irradiate the device 1 in order to 
enhance the transmission of radiation by plasmon resonance. Preferably, 
the period of the transparent regions, a 0 , is about three to ten, such as 
five to six times as large as the width of the transparent regions 7. Thus, 
for a preferred width 9 of about 30 to 1 00 nm of the transparent regions 
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7 for incident visible light, the period a D is about 200 nm to about 780 
nm, for example, 200 nm to 700 nm, such as about 370 nm to about 
700 nm. However, the period a 0 may range from about 60 nm to about 2 
microns, such as 0.1 to 1 .8 microns. 

[0155] As shown in Figure 19A, the transparent regions 7 are slit 
shaped. These slits have a length that is significantly larger than the 
width 9. Preferably, the length is at least ten times larger than the width 
9. However, the transparent regions 7 may have any other suitable shape 
instead of a slit shape which results in plasmon enhanced transmission of 
radiation. 

[0156] Without wishing to be bound by a particular theory, the present 
inventors believe that two types of surface plasmon excitation are 
responsible for the characteristics of the radiation transmitted through the 
slit shaped transparent regions between metal islands: 1) the SP 
resonance along the planes that comprise either the' metal/air or 
metal/substrate interfaces, and 2) the SP resonance localized along the 
surface that encloses each metal island separated by the slit shaped 
transparent region (i.e., the metal island sidewalls). 

[0157] Figure 20A shows the transmission spectra of the devices made 
according to examples 1 and 2, described in more detail below. The 
devices include metal islands with a grating period of 370 nm. The 
device of example 1 contains 1 20 nm thick Ag islands having a minimum 
(i.e., width at the narrowest point) transparent region 7 width of about 50 
to 100 nm. The device of example 2 contains 120 nm thick Ag islands 
having a minimum transparent region 7 width of about 30 nm. Optical 
transmission through the devices is measured at a spectral range of 350- 
1750 nm. A beam from a multimode fiber (core diameter of 62.5 (am and 
a numerical aperture of 0.20) connected to an unpolarized white light 
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source is normally incident to the metal island array from the substrate 
side. The zero-order transmission through the array is collected with 
another multimode fiber placed close to the Ag layer surface (with 3-5 jjm 
gap), and is then characterized with an optical spectrum analyzer. The 
transmission measurement is repeated with a dummy sample that has the 
same mesa-etched quartz structure but without an Ag layer. The 
transmission through the array is then calculated by dividing the spectrum 
obtained from a real sample by the one from the dummy, a process 
designed to void (or alleviate) the effects of involving a mesa-etched 
quartz substrate structure and an optical fiber on the measured 
transmission spectra. 

[0158] As shown in Figure 20A, peak transmission of approximately 30 
and 15 % is observed from the 120 nm and 200 nm thick metal island 
arrays, respectively. Considering that the incident beam is unpolarized 
and the TE polarization component does not transmit through the array 
having slit shaped transparent region, the maximum transmission for TM 
polarization is estimated to be around 60 %. This corresponds to about a 
500 % transmission efficiency, which is defined as the optical power 
transmitted through a slit divided by the incident power impinging upon 
the slit area. 

[0159] As shown in Figure 20A, the main peak (i.e., the peak which 
corresponds to the main passband wavelength range) shifts from 660 to 
690 nm as the Ag island thickness is increased from 120 to 200 nm. The 
peak width also noticeably increased with the increased Ag thickness. 
These characteristics of the transmission spectra, i.e., the main peak's 
red-shift and the peak width increase, is the opposite of the 
characteristics of the transmission spectra in an 2D array of apertures in a 
metal film, in which the main peak initially blue-shifts with reduced peak- 
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width and then the peak position and width remain constant as the metal 
thickness is further increased. 

[0160] In an analytical study of the optical transmission through a 2D 
aperture array, the initial regime that shows a blue-shift is modeled by the 
evanescent coupling of the twp surface plasmons at the top and bottom 
surfaces of a metal layer and the second regime is by decoupled SPs. 

[0161] In contrast, it is believed that the propagating modes in a slit 
shaped transparent region are at least partially responsible for the optical 
transmission through an array of slit shaped transparent regions. The 
clear difference between the 1D and 2D array optical transmission 
characteristics strongly suggests that different mechanisms are involved 
in transmitting the light though a slit shaped transparent region than 
through an aperture in a film. 

[0162] The transmission spectra in Figure 20A show three major dips. 
The minimum transmission point at around 580 nm tends to stay at nearly 
the same position for different metal island thickness, although the exact 
location cannot be resolved due to an overlap with a neighboring peak. 
This insensitivity to metal thickness suggests that the phenomenon 
occurring at this minimum transmission point involves an interaction of 
light primarily with the top or bottom surfaces of metal but not the 
sidewalls of the metal islands. The SP resonance along the plane that 
comprises the metal/substrate interface of each metal island is expected 
to occur at 600 nm wavelength of light, based on a calculation using the 
formula: 




(1) 
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[0163] Here, L is the grating period, m is the order of the grating vector 
involved in SP coupling, and em and & are the dielectric constants of metal 
and adjacent dielectric (i.e., a quartz substrate in this case). This number 
calculated for m = 1 reasonably well matches the minima observed in 
Figure 20A. Similarly the transmission minimum at around 430 nm well 
corresponds to the SP resonance at the air/metal interface, which is 
expected to occur at 430 nm according to the formula above, although an 
exact position cannot be clearly resolved due to an overlap with the bulk 
plasmon wavelength (about 360 nm) at which metal islands are 
significantly transparent. 

[0164] It should also be noted that the sample with 120 nm thick Ag 
metal islands show a clear, well-defined major dip at around 800 nm, 
which corresponds to significantly longer wavelength than that of the 
transmission minima related to the metal/substrate interface. Considering 
that a slit shaped transparent region structure allows propagating modes 
(or vertical SPs along the metal island sidewalls), it is possible that the SP 
waves on the top and bottom surfaces of a metal island couple to each 
other via these island sidewalls. The SPs are then expected to resonate 
along the island surface, i.e., the periphery of metal cross-section when 
the following condition is satisfied along the close loop: 



[0165] Here, m is an integer, and ks P is the SP wave vector and can be 
expressed as 




(2) 




(3) 



-52- 



WO 2005/017570 



PCT7US2004/023499 



[0166] where X is the free-space wavelength of incident light. Along 
the periphery of metal cross-section, the magnitude of the SP wave 
vector ks P varies depending on the dielectric material interfacing with a 
metal, i.e., either air or quartz in this case. Due to the irregular geometry 
of the metal cross-section, an approximation may be used to calculate the 
total phase change along the periphery of the metal islands. Assuming a 
simple geometry of circular cross-section with radius r Q surrounded by a 
homogeneous dielectric, the resonance condition in Equation 2 is reduced 
to ks P ro = m. For an approximation of r Q = 110 nm and 30 % of the 
metal periphery interfaces with silica and the rest with air, the resonance 
wavelength is calculated to be 820 nm for the dipolar resonance case, 
i.e., m = 1 . This number closely matches the location of the 
transmission dip (800 nm) of the sample with 1 20 nm thick Ag island, as 
shown in Figure 20A. The minimum transmission point shifts to longer 
wavelength as the metal island thickness is increased. This behavior is 
also consistent with the resonance condition discussed above. It is 
important to note that this surface plasmon resonance is a phenomenon 
highly localized at each metal island and differs from the SP resonance 
that occurs along the planes that comprise either the top or bottom 
surfaces of an array of metal islands. 

[0167] The angular dependence of both transmission and reflection at a 
fixed wavelength (633 nm) using a He-Ne laser are shown in Figure 20B. 
Transmission and reflection are measured as a function of incidence angle 
at 633 nm wavelength (TM polarized) for the 1 D array sample with 1 20 
nm thick Ag islands. The results shown in Figures 20A and 20B suggest 
that the three major transmission minima in Figure 20A can be ascribed to 
the SP resonances that involve different sections of the metal surfaces. 
For a TM polarized light at this wavelength, the transmission spectra 
shows a minimum when the incidence angle is 45 degrees (the dashed 
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curve in Figure 20B). This angular position well matches the value (43 
degrees) that is calculated from the condition for SP excitation at the 
plane that comprises the metal/substrate interfaces, i.e., ks P = kosinO +_ 
mKg , where ko is the wave vector of an incident beam, 0 is the incidence 
angle measured from the substrate normal, and Kg is the grating vector. 
The reflection spectra (solid curve) shows a maximum with a sharp peak 
profile (with the full-width-half-maximum of 2-3 degrees) at the same 
incidence angle. The power loss, calculated as the difference between 
the incident power and the transmitted plus reflected power, is minimal at 
the SP resonance point. While it is possible that this result can be 
attributed to the diffraction-related Wood's anomaly, which occurs at 
close proximity to the SP resonance point, it is more likely that SP 
resonance plays a dominant role in this transmission/reflection anomaly. 

[0168] Thus, without wishing to be bound by a particular theory, the 
present inventors believe that surface plasmon resonance is responsible 
for the observed transmission minima, involving two different modes of 
interaction with the metal island arrays: 1) the SP resonance along the 
planes that comprise either the metal/air or metal/substrate interfaces, 
and 2) the SP resonance localized along the surface (i.e., the metal island 
sidewalls) that encloses each metal island separated by slit shaped 
transparent regions. At these resonance points, little or no net-power 
flows along the metal surfaces and thus there is little or no funneling of 
incident power into a slit shaped transparent region. The incident power 
then strongly reflects back from the metal surface without incurring any 
major loss of power. For the case of relatively thin metal islands, the 
peak (i.e., passband) transmission through the array is believed to be due 
to that SP excitation is off -tuned from the resonance points such that a 
net power flow along the metal surfaces funnels into a slit region and 
then decouples into radiation modes which form a propagating 
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transmitted beam. Thus, the resonance points of the SPs localized at 
metal islands can be tuned independent of the grating period by selecting 
metal island thickness and/or transparent region width, and may be used 
to tailor the transmission characteristics of the arrays, as described 
below. 

[0169] The effect of the width 9 of the transparent regions 7 on the 
transmission characteristics of the radiation through the metal island array 
will now be described. The present inventors have determined that for 
band pass filters with high selectivity, the transparent region width should 
vary between about one and three times the penetration or skin depth of 
SP fields in the metal islands, when the incident radiation is directed onto 
the metal islands from an air/metal island interface. 

[0170] The present inventors believe that a peak transmission 

corresponds to a situation where SP resonance is slightly off-tuned from 
that at the metal/substrate surface. The surface plasmons localized at 
each metal island are then expected to couple each other via a tunneling 
process as the transparent region width is reduced. The coupling 
between the surface plasmons in neighboring islands is expected to 
depend on the degree of overlap of the SP fields across a slit shaped 
transparent region, which is determined by the spatial extension of SP 
fields compared to the transparent region width (i.e., gap size). 

[0171] The skin or penetration depth of SP fields is expressed as 
follows from H. Raether, Surface Plasmons (Springer-Verlag, New York, 
NY, 1988) page 6: 
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X — \ * m * 8 * in dielectric M 

_A l£jn±f± jn metaL 

[0172] Here, X is the free space wavelength of light, s'm is the real part 
of metal's dielectric constant and sd is the dielectric constant of the 
medium adjacent to the metal. The field strength decays by 1/e from the 
peak value at the surface. Thus, the penetration depth is dependent on 
both the wavelength and the materials through which the radiation is 
transmitted. 

[0173] Once strong coupling occurs between metal islands, the metal 
islands become virtually connected (despite a gap) from the surface 
plasmon oscillation point of view. Propagation of SPs through the 
transparent region will eventually be blocked and the transmission spectra 
would show profiles similar to those of metal without a transparent 
region. It is thus expected that the metal island array would act as a 
narrow band pass filter by keeping the main (passband) transmission high 
while suppressing the long-wavelength transmission, when the 
transparent region width is within the range of about one to about three 
times the penetration depth of the SP fields in the metal islands. 

[0174] The effect of the metal island thickness on the transmission 
characteristics of the radiation through the metal island array will now be 
described. The width of the main passband peak decreases with 
decreasing metal island thickness. 

[0175] The main passband peak width is basically determined by the 
separation of the two transmission dips around the peak, i.e., the 
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resonance wavelength of SP at the metal/dielectric interface and that of 
the SP localized at metal islands. Whereas the former wavelength is 
determined mostly by the grating period itself, the latter is governed by 
other mechanism, basically involving the periphery of cross-section of a 
metal island. While keeping the lateral dimension of the metal island close 
to the grating period (about a one to three skin depth length shorter than 
the grating period, in order to achieve good bandpass characteristics), the 
vertical dimension (i.e., thickness) of the metal island may be varied in 
order to adjust the total periphery. The change in thickness of the islands 
changes the resonance wavelength of the localized SPs and thus the 
passband width. Use of smaller thickness of metal islands thus reduces 
the passband width. 

[0176] Examples of bandpass characteristics of the metal island array 
of this embodiment are illustrated in Figures 20A and 20C. Figure 20C 
illustrates a transmission spectra of silver metal islands whose thickness 
is 180 nm (i.e., intermediate between those of the 120 and 200 nm thick 
Ag islands whose spectra are shown in Figure 20A). The minimum 
transparent region width of this device is measured to be about 50 nm. 
In contrast, the minimum widths of the transparent regions of the devices 
having 200 nm and 120 nm thick islands are about 30 nm and 50-100 
nm, respectively. In the devices of examples 1-3, the metal islands are 
deposited by angled deposition onto a ridged substrate. Thus, increased 
metal island thickness leads to a decreased transparent region width. 
However, for metal island arrays made by other methods, the width of the 
transparent regions does not necessarily decrease with increasing 
thickness of the metal islands. 

[0177] As shown in Figure 20C, peak transmission of over 70 % (for 
TM polarization) is observed, even higher than that of the device having 
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1 20-nm thick islands, while maintaining the long-wavelength transmission 
low at around 20 %. Thus, (honger-waveiengWImain) < 0.4, preferably less than 
or equal to 0.3, where Imam is the intensity of the main passband peak and 
llonger wavelength IS the intensity of the transmitted radiation at longer 
wavelengths than the main passband peak. As shown in Figure 20A, 
very high transmission (nearly the same level as the peak transmittance of 
the main passband at around 650 nm) in the long wavelength range 
t (beyond 950 nm) is visible for the device with 1 20 nm thick islands and 

about 30 nm wide transparent regions. The transmission in the long 
wavelength regime, however, dramatically decreases (from 60 % level to 
10 % transmission for TM polarization) for the device with 200 nm thick 
islands and 50-100 nm wide transparent regions. However, the peak 
(passband) transmission for this device also significantly decreased. 

[0178] In the case of Ag/air interface at X = 600 nm, the penetration 
depth is calculated to be 390 nm in the air or 25 nm in metal. In the case 
of Au/air interface at X = 600 nm, the penetration depth is calculated to 
be 280 nm in the air and 30 nm in metal. Figures 20A and 20C illustrate 
that the preferred transparent region width is between 40 and 50 nm to 
achieve narrow band pass characteristics while maintaining high 
transmission of the main peak. In contrast, a device with a 30 nm wide 
transparent regions, showed narrow band pass characteristics, but a 
lower main peak transmission intensity. A device with up to 100 nm 
wide transparent regions did not exhibit narrow passband characteristics 
in view of the high intensity of the transmission at longer wavelengths. 

[0179] Thus, the preferred range of minimum transparent region width 
(around 40-50 nm for desirable bandpass characteristics) that is provided 
in Figures 20A and 20C shows a close match to the penetration depth of 
SP fields in metal (or approximately 1/10 of the air-side penetration 
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depth). The preferred range of transparent region width for narrow 
bandpass filters is found to be approximately one to three penetration 
depths of SP fields in the metal side (or about 1/10 to 3/10 of the 
penetration depth in air). 

[0180] The peak radiation transmission for unpolarized light is 

estimated to be up about to 50 %, which is the theoretical maximum for 
the unpolarized light. This corresponds to near 1 00 % transmission for a 
TM-poIarized light. Taking into account the transparent region fill-factor, 
the transmission efficiency is greater than 100%, such as 100% to 500 
% through each transparent region. The upper bound may also be greater 
than 500% because it is determined by the inverse fill factor (i.e., 
period/slit width). 

[01811 In another preferred embodiment, the metal islands 15 of the 
optical device 1 1 are also located over a radiation transparent substrate 
13. In one preferred aspect of this alternative embodiment, the metal 
islands 1 5 have a periodic surface topography 1 2 provided on at least one 
surface of the metal islands 15, as shown in Figure 21. The topography 
12 is configured such that it enhances the transmission of the radiation 
between the plurality of metal islands. The periodic topography 12 may 
comprise any metal features which provide strong coupling of the metal 
surface plasmons with incident radiation. For example, the topography 
may comprise any suitable raised and/or depressed regions on the surface 
of the metal islands 15 which are arranged in a regularly repeating (i.e., 
periodic) pattern, such as a two dimensional lattice. The raised regions 
may comprise cylindrical protrusions, semi-spherical protrusions, linear or 
curved ribs, rectangular ribs, raised rings and/or raised spirals. The 
depressed regions may comprise cylindrical depressions, semi-spherical 
depressions, linear or curved troughs, rectangular troughs, ring shaped 
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troughs and/or spiral shaped troughs. The width or diameter of the raised 
or depressed regions is preferably less than the period of these features, 
and the product of this period with the refractive index of the substrate 
should be less than the maximum desired transmitted wavelength of the 
radiation. 

[0182] In another preferred aspect of this embodiment, the surface 
topography 1 2 comprises a topography comprising a material other than 
metal which includes surface plasmon coupling into the metal. In one 
example, the refractive index of the dielectric layer or ambient medium 
adjacent to the metal surface is periodically or quasi-periodically 
modulated, without topographic modulation of the metal surface (i.e., 
without corrugation/indentation on the metal surface). For example, 
periodic arrangement of dielectric layer or layers formed on a flat or 
corrugated metal surface can induce the surface plasmon coupling into 
metal. Thus, element 12 in Figure 21 may refer to periodically or quasi- 
periodically arranged dielectric material features formed on a flat metal 
island 1 5 surface. Alternatively, a flat or textured dielectric layer or layers 
with a variable refractive index may be used for plasmon coupling. A 
variable refractive index in a flat dielectric layer or layers may be achieved 
by periodically or quasi-periodically modulating the composition of the 
layer or layers along their width on the metal islands. Any suitable 
dielectric material many be used, such as silica, quartz, alumnia, silicon 
nitride, polymer material, etc. Dielectric modulation (instead of or in 
addition to metal surface corrugation) may be used in wavelength tunable 
structures. The non-metal topography may also be used on metal films 
having one or more apertures. 

[0183] In this embodiment, the transparent regions 17 are separated by 
a period a 0 which is much larger than the period of the previous 



-60- 



WO 2005/017570 



PCT/US2004/023499 



embodiment, such that the period of the transparent regions 1 7 does not 
substantially contribute to the enhancement of the transmission of the 
radiation. Thus, the width of the metal islands 15 of this embodiment is 
much greater than the width of the islands 5 of the previous embodiment. 
For example, the period ao and thus the approximate width of the islands 
15 is preferably equal to the effective propagation distance of the SPs, 
such as 5 microns or greater, preferably about 5-10 microns for Ag 
islands being irradiated with visible light. 

[0184] As shown in Figure 21, the transparent regions 17 are slit 
shaped. These slits have a length that is significantly larger than their 
width. Preferably, the length is at least ten times larger than the width. 
However, the transparent regions 1 7 may have any other suitable shape 
instead of a slit shape which results in plasmon enhanced transmission of 
radiation. 

[0185] In the devices 1, 1 1, a symmetric configuration may be used to 
reduce a passband width (i.e., to reduce the number of sidelobes or 
sidebands) if desired. In this configuration, a second substrate composed 
of the same dielectric media as the first substrate 3, 1 3 is attached over 
the top of the metal islands 5, 1 5, such that the metal islands 5, 15 have 
interfaces with the same dielectric media on both sides, as illustrated in 
Figure 22. 

[0186] As discussed above, the metal islands 5, 15 may comprise 
discrete metal islands that are not connected to each other (i.e., the metal 
islands are not in direct contact with each other) or metal islands that are 
connected to each other at a peripheral region of the optical device. For 
example, as shown in Figure 23, the metal islands 5, 15 are discrete 
metal islands. In contrast, as shown in Figure 24, the metal islands 5, 
1 5, are connected to each other at the periphery of the devices 1,11. 
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[0187] The transmission spectra through the transparent regions in 
the three dimensional Ag metal island array of Figure 14 is shown in 
Figure 15. The vertical axis corresponds to the transmission ratio, Pout/Pm. 
The measurement result shown in Figure 1 5 confirms that the side peaks 
are well suppressed. The main peak is also narrowed from 170 nm to 
1 40 nm in FWHM value. The three dimensional structures are not limited 
to just two layers and may have any suitable number of layers greater 
than two and various different layer patterns and interlayer spacing. 

[0188] If desired, the optical devices described herein may include an 
integrated radiation source, such as a laser, LED or lamp adapted to emit 
the incident radiation and/or an integrated a radiation detector, such as a 
charge coupled device (CCD) array or CMOS active pixel array, adapted to 
detect the radiation transmitted through the substrate and between the 
plurality of nrietal islands. Alternatively, a separate radiation source and/or 
the radiation detector may be used with the devices. 

[0189] The optical devices may be used for any suitable application. 
Thus, the devices may be used as a nano-optic filter with a narrow 
passband width or as a polarizer. The devices may also be used for 
wavelength separation of incident radiation. The devices may be used for 
other applications, such as a light collector, collimator or coupler for an 
optical fiber, a light selection device in near field optical scanning 
microscope, and a photolithography mask. 

Specific Examples 

[0190] The following specific examples illustrate preferred 

embodiments of the present invention and should not be considered 
limiting on the scope of the invention. 
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[0191] The devices of examples 1, 2 and 3 are made by the same 
process, except that the metal island thickness is 200 nm in example 1 , 
120 nm in example 2 and 180 nm in example 3. Since the metal islands 
are deposited by angled deposition, the width of the transparent regions 
increased with decreasing metal island thickness- Thus, the minimum 
width of the transparent regions in example 1 is about 50 to 100 nm (the 
width varies due to the slight non-uniformity of the metal islands), the 
minimum width of the transparent regions in example 2 is about 30 nm 
and the minimum width of the transparent regions in example 3 is about 
50 nm. The transmission spectra of the devices of examples 1 and 2 
with 120 and 200 nm thick metal islands, respectively, are shown in 
Figure 20A and the transmission spectra of the device of example 3 with 
180 nm islands is shown in Figure 20C. Figures 16A, 16B and 1 6C 
illustrate SEM micrographs of metal island arrays with metal island 
thicknesses similar to those of examples 1-3. The thickness of metal 
islands in Figure 16A is 400 nm, in Figure 16B, 250 nm and in Figure 16C 
180 nm. The devices of examples 1, 2 and 3 are made by the method 
illustrated in Figures 9D-9I. 

[0192] Figure 17 shows a micrograph of a one dimensional (1D) silver 
metal island array device of Example 4 with narrow slit shaped 
transparent regions. The device is formed by depositing a 200-nm-thick 
Ag on a 1 D-grating-etched quartz substrate. The grating pattern is 
generated with a holographic process and the grating period is designed 
to be 750 nm. The slit width is measured to be around 1 50 nm at the 
narrowest part. This corresponds to about a 20 % ratio of the 
transparent region / mptal island surface area for normal incident waves. 

[0193] Figure 18 illustrates transmission spectra through the 

transparent regions in the Ag metal island array. The vertical axis 
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corresponds to the transmission ratio, Pout/Pm for unpolarized light. For 
TM polarization, the peak transmission is over 90%. The dependence of 
the transmission spectra on the incidence angle of incident radiation is 
also shown in Figure 18. As the incidence angle is varied, the 
transmission peaks shift and split. The main passband peak shows a full- 
width-half-maximum value of about 1 70 nm. A much narrower passband 
width of about 1 0 nm to about 1 60 nm and well suppressed transmission 
at long wavelength is possible with a different transparent region design 
and improved uniformity, and with an optimized metal island thickness 
and slit width, using a numerical analysis of transmission spectra based 
on a transfer matrix and a quasi-analytical model. 

[0194] Figure 25 illustrates a top view of the experimental set up for 
examples 5-12. As shown in Figure 25, a single or double layer 
wavelength separation device 301 comprising metal islands or a metal 
film containing a plurality of openings is positioned over a line camera 302 
containing 1 a plurality of pixels 306. The incident or input light beam 315 
area is larger than that of the wavelength separation device 301, such 
that some of the incident light 315 is detected by pixels 306 of the 
camera 302 without passing through the wavelength separation device. 

[0195] Figure 26 illustrates the transmission spectra for examples 5, 
6 and 7. Figure 26 is a plot of the ratio of the transmitted to incident 
radiation versus wavelength of the radiation. In example 5, white light 
was transmitted through a metal island array having about 2100 
Angstrom thick silver islands. The openings between the islands have a 
grating period (d 0 ) of about 401 nm. The grating period is also referred to 
herein as the period of the transparent regions, a<>, As shown by peak (a) 
on the left of Figure 26, the transmitted radiation through this array has a 
peak wavelength of about 676.2 nm. In example 6, white light was 
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transmitted through a metal island array having about 2100 Angstrom 
thick silver islands. The openings between the islands have a grating 
period (d g ) of about 478 nm. As shown by peak (b) in the middle of 
Figure 26, the transmitted radiation through this array has a peak 
wavelength of about 789.6 nm. In example 7, white light was 
transmitted through a metal island array having about 2100 Angstrom 
thick silver islands. The openings between the islands have a grating 
period (d g ) of about 552 nm. As shown by peak (c) on the right of Figure 
26, the transmitted radiation through this array has a peak wavelength of 
about 912.8 nm. Thus, as illustrated in Figure 26, radiation of a different 
peak wavelength is transmitted through the array depending on the 
grating period of the openings in the array. 

[0196] Figure 27 illustrates a transmission spectra for white light 
passed through prior art 450 nm, 650 nm and 880 nm filters. Figure 28 
illustrates the results of example 8. In example 8, the wavelength 
separation device of example 5 was placed next to the wavelength 
separation device of example 7. In other words, the metal island array 
having grating period (dg) of about 401 nm is placed at a first arbitrary 
location on the camera 302 (i.e., at a location between 8000 and 10,000 
microns from a reference point), while the metal island array having 
grating period (d g ) of about 552 nm is placed at a second arbitrary 
location on the camera 302 (i.e., at a location between 10,000 and 
12,000 microns from a reference point). White light is then passed 
through the 450 nm prior art filter illustrated in Figure 27 and then 
through the arrays of examples 5 and 7. The transmitted light is then 
detected by the camera 302. As shown in Figure 28, the large peaks at 
about 7,000 and about 13,000 microns corresponds to the light which 
was not transmitted through the arrays. Furthermore, as shown in Figure 
28, the arrays of examples 5 and 7 were effective in filtering 450 nm 
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peak wavelength light. This is to be expected because the peak 
transmission of the arrays of examples 5 and 7 is 676.2 nm and 912,8 
nm, respectively. 

[0197] Figure 29 illustrates the results of example 9. The conditions 
of example 9 are identical to those of example 8, except that white light 
was passed through the 650 nm prior art filter of Figure 27 rather than 
the 450 nm prior art filter. As shown in Figure 29, the array example 7 
was effective in filtering 650 nm peak wavelength light because the peak 
transmission of this array is 912.8 nm. In contrast, the array of example 
5 transmitted a portion of the 650 nm light because the peak 
transmission of this array is 676.2 nm. 

[0198] Figure 30 illustrates the results of example 10. The 
conditions of example 10 are identical to those of example 8, except that 
white light was passed through the 880 nm prior art filter of Figure 27 
rather than the 450 nm prior art filter. As shown in Figure 30, the array 
example 5 was effective in filtering 880 nm peak wavelength light 
because the peak transmission of this array is 676.2 nm. In contrast, 
the array of example 7 transmitted a portion of the 880 nm light because 
the peak transmission of this array is 912.8 nm. 

[0199] As discussed above, the wavelength separation devices 101, 
301 may have a constant grating period (d g ) in each cell or a chirped 
grating period along the length of the device. Figure 31 A illustrates an 
example of a wavelength separation device where each cell contains a 
different grating period d1, d2, d3 and d4. Figure 31 B is a micrograph of 
such a device. Figure 32A illustrates an example of a wavelength 
separation device where the grating period is chirped. Figure 32B 
illustrates an exemplary plot of grating period versus location (x) on the 
wavelength separation device. 
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[0200] Figure 33A schematically illustrates example 1 1 having a 
two layer wavelength separation device. The device contains an array 
with a chirped grating period 91 which is stacked over an array with a 
constant grating period 93. Is should be noted that array 93 may be 
stacked over array 91 instead if desired. Any suitable grating periods 
may be selected. Preferably, the chirped grating period of array 91 
overlaps a constant grating period d1 of array 93 in at least one location, 
x1, of the wavelength separation device. This is shown in Figure 33B, 
which is a plot of grating period versus location on the device, x. One of 
the detector pixels 306 is positioned at location x1 in the camera 302. 
The total transmittance, T, of white light through both arrays 91 and 93 
(shown in Figure 34C) is a product of transmittance T1 through the first 
array 91 (shown in Figure 34B) and the transmittance T2 through the 
second array 93 (shown in Figure 34A). As can be seen from Figures 
34A-C, the radiation transmitted through both arrays (i.e., T) has a 
narrower peak width than the radiation transmitted through each of the 
arrays 91, 93 alone (i.e., T1 or T2). Thus, stacking two arrays reduces a 
peak width of the transmitted radiation as well as reduces the intensity of 
the sidebands or side peaks relative to the intensity of the main peak. 

[0201] Figure 35A schematically illustrates example 12 wherein two 
arrays 91, 93 having a chirped grating period are stacked over each other. 
The detector pixels 306 are located along different locations on the 
camera 302. Thus, each pixel 306 window (a 7 micron window for 
example) captures radiation of a different peak wavelength that passed 
through a different portion of the wavelength separation device that has a 
different grating period of the chirped grating period. For example, Figure 
35A illustrates the case where the arrays 91 and 93 have the same 
chirped grating period. The arrays 91, 93 may be stacked such that the 
transparent regions in each array are aligned with the transparent regions 
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in the adjacent array or the arrays 91, 93 may be stacked such that 
transparent regions in one array are offset by a predetermined amount 
from the transparent regions in the other array in the horizontal (i.e., x) 
direction along the direction of the pixels 306. Figure 35B illustrates 
transmittance spectra for various arrangements of chirped arrays. The 
peak labeled "No offset" corresponds to transmittance of white light 
through both arrays 91, 93 at a predetermined location over the detector 
(x = 290 microns) where there is no offset between transparent regions of 
the chirped arrays 91, 93. The grating period of the arrays is 340 nm at 
this location (x = 290 microns). The peak labeled "40 micron offset" 
corresponds to transmittance of white light through both arrays 91, 93 at 
a predetermined location over the detector (x = 330 microns) where there 
is a 40 micron offset between transparent regions of the chirped arrays 
91, 93. The grating period is 400 nm at this location. As can be seen 
from these two peaks, by introducing the offset between the arrays, the 
peak width is narrowed, but the overall peak intensity is decreased. 

[0202] Figure 36A illustrates a transmission spectra of a single-layer 
wavelength-separation device of example 13 having a chirped grating 
period along the length of the device (see Figure 32A). The device is 800 
micron wide (along the length direction) and comprises nine cells or 
filters. Each filter is 98 microns wide and has a different (but constant) 
grating period, linearly chirped from 390 nm to 630 nm with 30 nm step 
between neighboring cells. The transmission spectra measured at each 
cell show a progressive and linear shift of the main passband position 
from around 750 nm to around 1 100 nm. The peaks listed in the legend 
of Figure 36A are shown in the Figure from right to left (i.e., the dg = 630 
nm "black" peak is the right most peak and the dg = 390 nm " violet" 
peak is the left most peak). 
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[0203] Figure 36B illustrates a transmission spectra of a two layer 
stacked wavelength separation device of example 14 comprising two 
pieces of the same device shown in Figure 36A. Enhancement of 
bandpass characteristics of the stacked configuration is clearly observed. 
Figure 36 illustrates a suppression of lower intensity side peaks at the 
shorter wavelength region, reduced transmission in the longer wavelength 
region, and reduction of the main passband width from about 150-200 
nm to about 100-150 nm compared to Figure 36A. Further refinement of 
bandpass characteristics, especially suppression of long wavelength 
transmission is expected by optimum control of metal thickness and thus 
the metal slit width. In the example shown in Figure 36A, the mesa- 
etched quartz substrate is designed to have a slit width of 120 nm. After 
angled deposition of a 1 50 nm thick Ag layer, the slit width is reduced to 
50-80 nm. Control of metal thickness can adjust the slit width. 

[0204] Figure 36C illustrates wavelength separation with a two layer 
stacked device of example 15, as measured with a linear array CCD 
detector (see Figure 25 for experimental configuration). The wavelength 
separation device is a 390 micron wide array comprising 28 cells (filters) 
with each cell having a 14 micron width. The grating period is chirped 
from 360 nm to 630 nm with a 10 nm step along the array direction. A 
980 nm wavelength light is incident to a wavelength separation device 
(two layer stacked). The light is registered at pixels at around 10850 
micron location of a CCD array. When a 700 nm light is incident to the 
same device, the light is registered at 1 0600 micron location of the CCD 
array. This spatial separation on CCD matches the spectral separation of 
the two input lights. In other words, the different wavelength of light is 
detected by a different portion of the CCD array which is located under 
the portion of the wavelength separation device designed to transmit light 
of that particular wavelength. 
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[0205] Various embodiments and preferred aspects of the present 
invention have been separately described above. However, each step or 
feature from one preferred embodiment or aspect may be used in another 
embodiment or aspect, in any appropriate way. 

[0206] The foregoing description of the invention has been 
presented for purposes of illustration and description. It is not intended to 
be exhaustive or to limit the invention to the precise form disclosed, and 
modifications and variations are possible in light of the above teachings or 
may be acquired from practice of the invention. The drawings and 
description were chosen in order to explain the principles of the invention 
and its practical application. It is intended that the scope of the invention 
be defined by the claims appended hereto, and their equivalents. 
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